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US  Army  Aviation  Systems  Command 
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The  UH-1H  helicopter  Test  Bed  Program  was  accomplished  at  the  US  Army  Aeronautical 
Depot  Maintenance  Center^  (ABADHAC),  Corpus  Christ! ,  Texas,  during  the  period 

4  October  1970  through  17  December  1971.  The  program  objective  was  to  determine 
the  feasibility  of  state-of-the-art  hardware  to  automatically  accomplish  inspection, 
diagnostic  and  prognostic  maintenance  functions  on  selected  subsystems  of  the  UH-1H 
helicopter.  The  Hamilton  Standard  hardware  for  the  program  is  identified  as  Air¬ 
borne  Integrated  Diagnostic  System  (AIDS).  Helicopter  components,  both  serviceable 
and  degraded,  were  run  and  monitored  for  malfunction  discrimination  by  the  AIDS 
in  ARADMAC  test  cells  and  in  two  UH-1H  aircraft.  Trending  for  prognosis  was  attempt¬ 
ed  while  accumulating  flight  time  on  two  additional  UH-1H  aircraft  utilizing 
serviceable  components.  The  test  results  demonstrated  the  objectives  of  the  Test 
Bed  Program. 
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ABSTRACT 


The  UH-1H  helicopter  test  bed  program  was  accomplished  at  the  US  Army 
Aeronautical  Depot  Maintenance  Center  (ARADMAC),  Corpus  Christi,  Texas, 
during  the  period  4  October  1970  through  17  December  1971.  The  program 
objective  was  to  determine  the  feasibility  of  state-of-the-art  hardware 
to  automatically  accomplish  inspection,  diagnostic  and  prognostic  main¬ 
tenance  functions  on  selected  subsystems  of  the  UH-1H  helicopter.  The 
Hamilton  Standard  hardware  for  the  program  is  identified  as  Airborne  In¬ 
tegrated  Diagnostic  System.  Helicopter  components,  both  serviceable  and 
degraded,  were  run  and  monitored  for  malfunction  discrimination  by  the 
AIDS  in  ARADMAC  test  cells  and  in  two  UH-1H  aircraft.  Tre.Jf.ng  for  prog¬ 
nosis  was  attempted  while  accumulating  flight  time  on  two  additional  UH-1H 
aircraft  utilizing  serviceable  components.  The  test  results  demonstrated 
the  objectives  of  the  test  bed  program. 


FOREWORD 


The  UH-1  Helicopter  Test  Bed  Program  was  conducted  for  the  US  Army  Aviation 
Systems  Command  under  a  contract  (No.  DAAJ01-70-C-0827 (P3L)  with  Hamilton 
Standard  Division  of  United  Aircraft  Corporation.  This  program  is  a  sub- 
element  of  the  Department  of  the  Army  RD&E  project  (1F164204DC3201)  to 
develop  an  Automatic  Inspections  Diagnostic  and  Prognostic  System  (AIDAPS) 
for  Army  aircraft.  The  overall  program  is  in  response  to  a  Qualitative 
Materiel  Requirement  for  an  AIDAPS  which  was  approved  by  DA  in  October  1967. 

GOVERNMENT  ASSESSMENT  OF  PHASE  E  VERIFICATION  TEST 

Section  10  of  this  report  documents  the  accomplishments  under  Phase  E  of 
the  program.  Phase  E  was  a  test  of  the  Accuracy  and  Repeatability  of  the 
Hamilton  equipment.  Page  10-18  of  Volume  I  summarizes  the  Hamilton  Standard 
diagnosis  of  the  helicopter  components  (both  serviceable  or  good  and  degraded 
or  bad)  which  were  implanted  by  the  Government  in  the  UH-1H  aircraft. 


The  table  below  lists  the  actual  conditions  of  the  test  components  im¬ 
planted  in  the  UH-1H  aircraft  monitored  by  Hamilton  Standard: 


Conditions 

Date 

Engine 

Tranmis8ion 

90°  Gear  Box 

42°  Ge 

1 

19  Nov  71 

Bad 

Bad 

Good 

Bad 

2 

24  Nov  71 

Bad 

Bad 

Good 

Bad* 

3 

3  Dec  71 

Good 

Bad 

Bad 

Bad 

4 

7  Dec  71 

Good 

Bad 

Bad 

Bad 

5 

9  Dec  71 

Good 

Good 

Bad 

Bad 

6 

10  Dec  71 

Good 

Good 

Bad 

Bad 

7 

14  Dec  71 

Good 

Good 

Bad 

Good 

3 

16  Dec  71 

Good 

Good 

Bad* 

Good 

*The  component  conditions  noted  with  an  asterisk  (above)  were  revealed  to 
the  contractor  prior  to  his  final  analysis  and  are  not  included  in  the 
percentage  scores  shown  below.  The  remaining  component  conditions  had  not 
previously  been  identified  to  the  contractor. 

An  overall  diagnostic  accuracy  of  90%  was  obtained  by  Hamilton  Standard  in 
determining  the  conditions  (Bad  or  Good)  of  the  implanted  engines,  trans¬ 
missions,  90°  gear  boxes  and  42°  gear  boxes. 

Although  the  Hamilton  Standard  equipment  did  achieve  objectives  of  the  Test 
Bed  Program  to  demonstrate  state-of-the-art  capability,  the  foregoing  re- 
suits  are  not  satisfactory  for  immediate  hardware  implementation. 

The  efforts  expended  by  the  Hamilton  Standard  Corporation  and  assigned  per¬ 
sonnel  were  very  commendable.  The  above  efforts  and  the  knowledge  accumu¬ 
lated  will  be  used  in  subsequent  steps  during  development  of  AIDAPS. 
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Sggagit  S-jraw^y 

"Shi*  sSaoaceeft.  foil?  details  all  actiarfiftfies  carried  act  fry  tbs 
gom^H-hra-^  Standard  SiTiSlCti  <s£  ^tSCSXSt  GQC €S  tbs  ATtCMKrtic 

Izsyeattsn.  and  gteagacctics  {AlBttBS}  EE-1B  IBest  Btea  Pgsaggraam 

cataract  MWJ91-15HS-(iSS27  (FJL)  issaed  fry  tbs  ©-£-  Aray  Avfetlcc. 

Systens  CoBn«rd-  Qscts&st  pesrftonacaae  cancenaed  in  Joly  IfyW  and  will 
extend  torosgp  Werdr  15T(2- 

■Sfcifc  neosert  is  divided  irtas  ten  sections  csaeteiaed  in  tas 

•olirmes-  Vclaae  1  cf  tfre  fa^rit  jiafesrfal-  Tolsnie  U  inblxsies 

all  of  tbs  Slgares  f ©Hawed  cy  toe  tallies  divided  up  into  sections  so 
arranged,  that  they  accarnsny  toe  text  for  tost  section. 

Secticn  I  discusses  tfre  oxcgren  poiloscpfry  sod  gasls.  Section  2 
htgpligr&si  toe  program  conduct  ssaa  scaierenexts-  Section  3  explains 
toe  ©rcgram  perforated  toeix  parpose.  Section  &  describes  toe 

hardware  exploded  by  Heel  3  too  Standard.  Sections  5,  6  and  7  ass  toe 
technical  feeert  of  toe  report.  ISsese  sections  cocpletely  explain  toe 
diagnostic  techniques  utilized  and  document  toe  test  results.  Section  7 
presents  toe  Phase  D  Verification  Test  Analysis.  Sections  8  and  9 
suacarlze  toe  conclusions  and  recccsendatians,  respectively,  which  are 
drawn  from  toe  detailed  text  performance  descriptions  for  all  phases 
of  toe  program.  Section  ID  is  considered  as  an  Appendix  covering 
Pans**  E  wort  and  results. 
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Utat  GLS.  Any  has  a  gegaSgeaaegts  to  emEsate  gsftaaefted  iEsperilors, 
dfisgansttr,  ana  zarogansfttc  systems  IsedlEg  to  a  *dly  ffanrftfaaael  tacit  that 
achieves  InnnfcsseeS  atoaratft  sasilaMllfty  mzA  later  msirsteatcce  costs  hy: 

2.  Befccicg  txaarxanftei  renewals,  sad 
2-  Be&ari eg  ffacalt  isolafcicn  aalcftgcaoce  tine. 

2b  mast  toe  shore  goals,  SssEiiftao  Standard  has  wciried  vita  AffSOQH 
ftfcrccgh  the  Test  Bed  Program  ft©  generate  the  accessary  software  ft©  perform: 
dlagrmssftlcs  asS  ggggrrosftics  oc  major  sabsystems  off  the  EE-15  vehicle. 

2be  cse  off  a  Seniltoc  Standard  elrbcroe  system  vita  cc.— board  real-time 
granessirg  allowed  for  a  conparehesslve  caistloc  off  total  system 
capabilities  to  f&lfflll  Army  requirements. 

The  apmroech  Sa  the  Test  Bed  Program,  ass  ft©  collect  data  cm  pertinent 
parameters  off  the  G3-13  subsystems  a)  while  the  subsystem  is  operating 
EOEisally,  and  b)  while  known  degraded  parts  have  been  implanted  within 
the  subsystem-  Ifee  above  two  groups  of  data  are  thee  compared  ana 
differences  noted  for  generation  of  the  proper  fault  Isolation  message. 

3y  implant  leg  known  degraded  parts,  much  more  pertinent  data  can  be 
generated  and  fault  isolation  software  accomplished  during  a  given  period 
of  time.  However,  implementation  of  this  approach  engenders  such 
problems  as: 

1-  The  degraded  parts  chosen  are  not  really  functional  degraded,  or  so 
slight  so  as  not  to  cause  differences  froc  normal  signatures. 

2-  During  the  buixd-up  of  the  subsystem  with  the  degraded  parts,  the 
signature  changes  because  of  the  build-up. 
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3-  T3£e  rigattste  petfcerra  generated  is  sot  a  Snae  rescue  feeaaaae  tie 
’"boosing'”  tee  degraded  pert  was  pieced  icio  test  as  set  tbe  mk 
gee  teat  tbe  past  becaae  fsaltr  is.  'ffds  egfeatiselar  places  tbe 
part  is  as  artif  leal  cvlrawa  sad  ?&es  caaaes  differences  free 
tfce  real  ecviroacect. 

Tt  was  anticipated  teat  is  tie  coarse  of  tbe  parqpae  tbe  above 
Jeopardies  wwald  be  acfranr  rises  •■dec  cai|sred  to  tee  benefit  of  tbe 
controlled  eroerice*rt  witfe  aa  accelerated  tiae  saeMe. 
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Tfee  purposes  of  tee  Test  Bed  Brogan  were: 

1.  To  develop  logic  teat  will  isolate  welftectiocs  oc  tee  IH-IB  aircraft. 

2.  To  determine  tee  capability  of  existing  state-of-the-art  hardware. 

3.  To  collect  sufficient  data  to  be  used  as  a  data  base. 

Ai.  To  perform  nalftoctico  detection  and  verification  teats  an  a  US-1E 
aircraft. 

5.  To  predict  tercogh  treading  techniques  tee  remaining  t fee  before 
coraxccect  removal  is  required. 

SamUtoc  Standard,  in  its  performance  during  tbe  progras,  has 
effectively  met  all  tbe  goals. 

Tbe  use  of  tee  modified  system  developed  by  Hamilton  Standard  for 
tee  KSS  (KDi  Boyal  Dutch  Airlines,  Scandinavian  Airlines  System  and 
Swissair)  group  of  airlines  cn  their  DC-9  aircraft  provided  readily 
available  existing  hardware  for  the  program. 

The  following  software  logic  was  developed,  proved  out  or  implemented: 

1.  Gas  Path  Analysis 

2.  Lycoming  Logic  Package 

3.  Other  Mechanical  Logic  (Hydraulic  system,  electrical) 

4.  Vibration 

The  Gas  Path  Analysis  developed  from  Hamilton's  extensive  fuel 
control  experience  was  shown  able  to  detect  the  implanted  degraded 
thermodynamic  parts.  The  Vibration  Analysis  concept  and  results  are 
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very  promising  in  that  &  logic  approach  baa  been  used  which  baa  detected 
the  degraded  part*  with  a  higl  degree  of  confidence.  In  performing 
Phases  D  and  B,  a  large  aaotu.\t  of  properly  documented  data  was 
taken.  This  baa  assured  a  sufficient  data  base.  Malfunction  detection 
and  verification  was  successfully  performed  in  Phases  D  and  B.  Trending 
was  accomplished,  but  the  ^cctaraMSed  flight  tine  was  not  nigh  enough 
to  confix*  the  regaining  life  pare'.’ actions. 
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2.0  PROGRAM  CONTACT  AND  ACHIEVEMENT  HIGHLIGHTS 

2.1  Program  Conduct 

The  Test  Bed  Program  was  structured  to  achieve  the  following 
objectives:  (l)  automation  of  inspection  methods,  (2)  fault  isolation 
via  diagnostics,  and  (3)  life  remaining  predictions  via  prognostication. 
The  program  scope  included  use  and  evaluation  of  state-of-the-art 
equipment,  non-interference  with  test  vehicle  subsystems,  use  oi 
existing  sensors  to  maximum  extent  possible,  development  of  data  base 
for  this  and  interim  programs,  and  determination  of  AIDAPS  potential 
as  a  maintenance  tool. 

The  program  plan  involved  four  basic  phases  plus  the  addition  of 
Phase  E.  Phase  A  allowed  three  months  for  the  preparation  and  delivery 
of  two  "off-the-shelf"  state-of-the-art  hardware  systems.  Test  cell 
baseline  malfunction  signature  data  was  gathered  and  analyzed  during 
the  2  month  Phase  B  period.  One  month  was  provided  as  Phase  C  to 
install  the  AIDAPS  sensors  and  hardware  in  two  UH-1H  helicopters  at 
ARADMAC.  Flight  testing  of  AIDAPS  with  known  good  and  bad  parts 
occupied  6  months  of  Phase  D.  Two  more  months  were  added  to  Phase  D 
by  verification  flight  tests  with  unknown  bad  parts  implanted.  Phase  E 
included  a  two  month  period  for  rotor  monitoring  and  worse  degraded 
parts  flight  tests  plus  transmission  testing  to  failure  in  a  test  cell. 
The  program  phases  are  summarized  in  Figure  2-1. 
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2  ProKFun  Highlights 

2.1  Phase  3 

-  178  test  runs  were  achieved  insteau  of  the  planned  1^2.  28 

engines.  63  transmissions,  52  90 0  gearboxes,  and  35  ^2°  gearboxes 
were  Instrumented  and  analyzed. 

-  Signature  analysis  verified  ability  of  diagnostic  techniques 
to  discriminate  between  good  and  bad  parts. 

-  AIDAPS  hardware  and  instrumentation  successfully  performance 
tested. 

-  100$  detection  of  bearing  and  gear  faults  by  vibration  analysis 
technique. 

-  80-90$  detection  of  engine  compressor  and  turbine  section  faults 
by  Gas  Path  Analysis. 

-  Existing  Gas  Path  Analysis  method  successfully  applied  to 
T53-LI3  engine. 

-  Extensive  test  cell  data  base  obtained. 

-  Test  cell  environment  enabled  detection  of  minor  component 
failures  having  very  low  detection  threshold. 

.2.2  pln.s>"  C 

-  2  UH-lH's  instrumented  as  indicated  in  Figure  2-2. 

-  AIDAPS  installed  and  tested  for  no  interference  with  aircraft 
systems. 

-  AIDAPS  given  flight  safety  approval. 
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2.2.3  Phase  D  Flt&jrt  Tests 

-  Provided  flight  refinement  of  software  limits  and  data  recording 
criteria. 

-  Obtained  trending  data  for  prognostication.  Initial  trend  data 
(245  hours)  within  norms  expect?'?. 

-  Verified  test  cell  gas  path  analysis  conclusions. 

Indicated  refinements  necessary  in  vibration  analysis  to 

account  for  transmissibility,  aerodynamic  noise,  and  mounting.  Baseline 
mean  data  scatter  was  higher  them  in  test  cell  runs. 

-  74-81‘fc  malfunction  detection  (6  borderline  cases)  in  80  vibration 
test  cases  with  known  bad  implants  including  engines,  transmissions, 

42°  and  90°  gearboxes. 

-  "Degree  of  badness"  of  vibration  causing  implants  generally  low. 

-  Vilidity  of  diagnostic  methods  to  detect  marginal  parts 
indicates  capability  to  track  part  deterioration  while  in  service. 

2.2.4  Phase  D  Verification  Test 

-  Six  sets  of  unknown  implanted  bad  parts  test  flown. 

-  On  July  23,  1971,  AIC  61011  was  flown  with  unknown  bad  engine 
compressor,  bad  42°  gearbox  input  roller,  good  gearbox,  and  good 
transmission.  All  degraded  LRU's  were  correctly  diagnosed  and  no 
good  LRU's  were  judged  faulty. 

-  Overall  diagnostic  fault  isolation  score  calculated  by 
Hamilton  Standard  to  be  8S^. 
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-  Phase  & 

-  Kotor  out  of  track  and  out  of  balance  diagnostic*  found 
feasible  for  integration  within  A  HUPS. 

-  Data  free  first  t  ran  scission  test  to  failure  indicates  vibration 
analysis  would  have  predicted  functional  failure  hours  before 
occurence. 

-  Worse  degraded  parts  testing  gave  sore  positive  censure  of 
AIDAPS  diagnostic  effectivity.  Eight  flights  accccrplis'ned  instead  of 
6  projected. 

.6  Overall  Hignljofrts 

-  Over  hOOO  vibration  narrow  band  spectrum  analyses  were  performed 
On  more  than  1,26^,000  data  inputs. 

-  About  60  rolls  of  magnetic  tape  were  utilized  with  three-quarters 
of  a  mile  of  data  or.  each. 

-  Approximately  5  miles  of  computer  printouts  were  generated 
and  analyzed. 

-  Demonstrated  AIDAPS  feasibility  for  helicopters  through 
Hamilton  Standard's  airborne  digital  processor  approach. 

-  Developed  and  verified  software  techniques  such  as  limit  analysis, 
vibration,  and  gas  patn  application  required  for  AIDAPS  implementation 
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2-3  gsajdwarfc  Utilized 

Earn:  _ltce  Standard  chose  ass  off-the-shd f  airbssrsae  digital  processor, 
Airfeorae  Tstegrated  Bsta  System  (AES),  for  appliea&ioc  is  the  ES-IE 
Test  Bed  Program.  The  ac-board  system  cacflgarafeloc  chases  has  the 
folloviig  characteristics: 

1.  Automatic  data  scanning  and  signal  caev-rsiars 

2.  Basy  modification  of  diagnostic  limits 

3-  Automatic  data  ccrrpressioo  through  flight  ©ode  recognition  and  digital 
rec.  '-ting  of  airttorse  data. 

*>.  Flexibility  and  ease  of  uodificatiao  through  program  software. 

The  Baxilton  Standard  airborne  A.IQAPS  processor  has  a  fully 
prograrczible  magnetic  core  oeoory  and  a  high  speed  l6-bit  perallel 
arithmetic  unit  which  permits  timely  and  complete  system  flexibility. 

From  an  operational  standpoint,  the  system's  airborne  operation  was 
fully  automatic  and  did  not  require  any  flight  crew  attention.  The  use 
of  such  items  as  a  Flight  Data  Entry  Panel  allowed  for  instant  read-out 
of  parameters  to  check  data  validity  and  system  operation  before  the 
test  flights.  Via  ground  memory  loader,  the  system  operation  was  altered 
in  a  maimer  of  minutes  from  a  prepared  punched  tape.  Due  to  the  tight 
schedule  and  quantity  of  parameters  used,  the  choice  of  an  airoorne 
digital  processor  was  particularly  advantageous  in  meeting  the  objectives 
of  n  trial  program  because  the  expected  changes  could  be  implemented 
readily  throuch  software  modification  rather  than  hardware  revision. 

The  hardware  included  an  airborne  go/no  go  “aintenance  Action  Annunciator 
Panel  (MAAP)  to  display  in  real  time  aircraft  system  replace  or 
adjustment  messages  generated  by  the  processor  output. 
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TJat  dfagmaaftlc  software  csed  fa  t£*  tRB-lB  Best.  3ei  gragam  <=$a 
be  split  Set©  focr  mala  beadle**:  ^ 

*  tea  Rate 

*  7ifesatiae 

*  gfecfsarrical  /Electrical  limit  Qhecklse 

*  fnesniing 

The  g&s  gate  logic  vets  gssexatec  by  EsmUtsc  Standard  many  years 
ago  to  fill  tee  rased  arit&is  toe  gas  tsariaiis*  im&stry  for  as  analytic®! 
approach  to  predicting  the  impossible  to  message  parameters  teat  effect 
engine  health  such  as  efficiency  changes,  areas  rinanges,  canasresscr 
pumping  capacity  changes,  and  turbine  islet  temperature  changes.  Early 
in  the  program,  tare  generalized  e^atioos  -ere  fitted  to  the  Lycoming 
T53-U3  engine  and  incorporated  within  the  airborne  system. 

The  dewelopcrent  of  the  vibration  soft-are,  as  illustrated  in 
Figure  2~3,  was  more  emperical  in  nature.  It  became  apparent  early 
in  the  evolution  of  the  Hamilton  Standard  vibration  approach  that  the 
problem  of  applying  vibration  analysis  to  a  helicopter  propulsion  system 
had  never  before  been  treated  in  depth  or  successfully  achieved.  Much 
original  creative  work  was  carried  out  during  the  Test  Bed  Program 
which  for  the  first  time  brought  helicopter  power  train  system  health 
analysis  through  vibration  to  the  point  of  practical  feasibility. 

The  steps  involved  in  arriving  at  the  Hamilton  Standard  vibration 
analysis  technique  are  outlined  in  Figure  2-3  and  fully  explained  in 
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Srxia-Hj*  £-3  Cgg gag's  0-5-  «bpsilttcci  Stoaltofi  feels  toxfc  tols  wcarife 
TKOfeses^s  sene  c=  toe  scst  sf  griff  cart  resalfcs  from  toe  lest  5ed 
PtnaijEjram- 

yeg^tfV<r.^/eleeteiaal  Halt  csggeiog  saftasre  vas  igsaearesteS 
toss-r  nc<am  discrete  parameter  Tnareftogfgg  to  perform  <££sgasst£cs  cn 
toe  esgfsr  -tag gsssry  systems^  ©Si  Ir-srf  catlap  system,  fcjdfesallc  system, 
cnad  electrical  systes r.  Tbe  leg's  was  cerlsed  cased  epocs  toe  -%5«y 
sa.-rp.Hea  «intai  package  asras  iiafcmcatlaa  furnished  by  lycaBduag. 

TTecamiemes  applied  by  rsailtoE  Stscdard  ic  final  erncstf  ag  toe  logic 
Iraaiwced  fixed,  adapt  ire.  assd  floating  limits  based  ngx®;  parameter 
oreraticmal  characteristics.  aCalti-paraaeter  cross-correlaticcs  to 
acaieve  a  aigher  degree  of  fault  isolation  ard  verificatiGB  was  also 
employed,  Parameter  limits  were  established  zzd.  verified-  Mast  flight 
data  was  vitoiu  toe  exceedance  limits  since  toe  systems  masnitored  vere 
not  deliberately  rendered  ogera.tioia.lly  faulty. 

Treed  software  «as  devised  to  perform  health  prognostication  on 
Lue  Qcnitored  parameters-  The  time  history  of  the  individual  parameter 
was  extrapolated  to  predict  the  life  remaining  until  exceedance  of 
a  alaffuostic  limit.  A  large  number  of  these  plots  and  predictions  are 
included  in  Section  5*  The  initial  trend  data  for  the  2^5  hours  of 
flight  testing  just  overhauled  systemo  was  vithxD  the  norms  as  would 
be  expected. 
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Ulicr  lihittie  ggaecaalag  gegfcsaeB  ai  be  canslSentd  Is  two  pests: 

1-  Qe-&c*r«£  prcoersiLqg 
5--  Cfff-site  ?gsffif3sS=s; 

Cb-~ Saagi  Ftraanestsiag 

'She  alstscsre  fcsrfwsme  csed  Esas  the  f\aB2  csa*s>I2±t2f  to  process 
tae  cfcitta:  rejslisei  to  cerfcs®  meshsn&csl  end  &&s  p&tfc  dfegpssfcics-  Ube 
sjsteiw  oc&pct  went  to  two  places-  TUfae  first  was  to  a  digital  resasrdsr 
for  ese  is  an.  off -site  processor  saoh  as  aa  13K  51®  ?«sr  refirenedt  of 
tt&e  software;  toe  seccrnd  was  to  the  Kairteraroe  Art icc  fczgagSatcr  Pare! 
(sZ?i~p)  «=icfe  displayed  toe  diagnostic  ses-sages  with  ejectao/neeSaslcal 
iji^icatcrs  co  ©card  toe  beliotwter- 


:*-5-2  Off -Site  Processing 

“Hfee  airooroe  recorded  digital  tapes  were  returned  to  Eamiltcc  Standard 
after  a  review  cf  the  tapes  was  cade  cc  the  on-site  D0P-UJ6  processor 
fcr  cor  -pleteeess  of  data-  these  tapes  were  t&ec  processed  at  Ssslltos 
St-eo d<trd  to  confirm  asc  improve  the  cn-board  software,  ffee  data  was 
also  used  for  the  treeing  (prognostication)  software.  Output  of  the 
processing  uas  standard  £3i  hard  copy  print -out. 

2.5-3  Vi  ora  tier.  Data  Analysis 

The  vibration  data  was  airborne  recorded  using  temporary  analog 
equipment.  Tr.is  analog  data  was  then  digitized  to  allow  the  use  of  an 
off-site  processor  to  perform  the  manipulations  required.  Comparison 
sui«i.  try  sheets  which  compared  each  transducer’s  output  for  a  particular 
flight  to  tue  generated  mean  of  the  good  flights  were  generated  as  the 
output  of  the  vibration  data  analysis. 
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3.0  THE  PROGRAM 

I  Program  Tasks  and  Organization 


Section  3  explains  how  the  Teat  Bed  Program  was  conducted  to  fulfill 
the  goals  outlined  in  Section  1.2.  These  goals  can  be  considered  in  terms 
of  their  inspection,  diagnostic,  and  prognostic  impact  on  Army  airmobile 
operations.  The  relation  between  furthering  these  goals  AIDAPS  and  the 
structure  and  operation  of  the  Test  Bed  Program  is  initially  expanded  upon 
in  Sections  3*2  -  3*5*  The  various  program  tasks  carried  out  to  achieve 
and  verify  the  goals  are  then  detailed  for  each  of  the  Phases  A  through  D. 
Phase  E  is  treated  separately  as  an  Appendix  in  Section  10.  The  Test  Bed 
Program  was  strongly  goal  oriented,  and  this  emphasis  on  results  and 
evaluation  set  the  program  theme. 
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3.2  Inspection  Impact  * 

The  Hamilton  Standard  AIDAPS  system  vas  designed  to  significantly  improve 
the  efficiency  vith  which  maintenance  personnel  routinely  accomplish  aircraft  4 

systems  inspections  after  the  aircraft  has  landed  or  prior  to  takeoff.  Present 
turnaround  procedures  are  based  upon  performing  a  visual  inspection  or  the 
vise  of  limited  data  from  the  flight  crew. 

Inspection  advantages  are  achieved  through  (1)  automation  of  inspection 
procedures;  (2)  a  substantial  reduction  in  inspection  times;  and  (3)  decreasing 
required  personnel  skill  levels. 

3.2.1  Automation  of  Inspection  Procedures 

Prom  an  operational  standpoint,  the  UH-1  AIDAPS  system  is  fully  automatic 
and  does  not  require  any  flight  crew  attention.  Also,  since  it  is  an  airborne 
system,  the  mechanical  condition  of  the  aircraft  is  constantly  being  monitored 
during  flight;  i.e.,  the  aircraft  Inspection  is  completed  during  the  flight 
and  diagnostic  messages  will  be  outputted  in  a  concise  manner  and  displayed 
on  a  Maintenance  Action  Annunciator  Panel.  The  information  is  thus  available 
to  the  ground  crew  Immediately  after  landing. 

Another  important  aspect  is  that  each  parameter  is  being  continuously 
monitored  once  every  two  seconds  for  proper  operation.  Normally,  ground  crew 
inspection  is  limited  to  discrete  preflight  inspection  and  post  flight  checks. 

These  Inspections  cannot  practically  check  many  parameters  which  are  com¬ 
prehensively  included  within  the  AIDAPS  airborne  system. 

3.2.2  A  Substantial  Reduction  in  Inspection  Times 

Since  the  AID6AP8  system  is  a  completely  automatic  airborne  system,  in¬ 
spection  is  continuously  accomplished  during  the  flight  of  the  aircraft. 
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3.2.2  Continued 

Many  routine  ground  Inspection  tasks  are  eliminated  with  attendant  time  savings. 

Because  the  various  aircraft  systems  are  monitored  during  flight,  the  changes 
in  parameters  analyzed,  diagnostics  performed,  and  messages  read  out  on  the 
Maintenance  Action  Annunciator  Panel,  the  aircraft  inspection  health  status 
is  immediately  available  to  ground  personnel.  This  method  of  airborne  inspec¬ 
tion  eliminates  the  need  for  an  extensive  postflight  Inspection.  Postflight 
inspection  can  be  confined  to  inspection  of  aircraft  structure,  other  visual 
damage,  etc.,  that  cannot  be  monitored  utilizing  the  AIDAPS  airborne  system. 

In  some  cases,  the  AIDAPS  airborne  system  may  not  fully  diagnose  a  subtle 
mechanical  problem,  but  can  help  the  ground  personnel  pinpoint  the  problem 
by  selecting  an  area  for  further  troubleshooting. 

The  airborne  AIDAPS  system,  in  addition  to  reducing  inspection  time, 
is  more  thorough  than  manual  inspections;  i.e. ,  many  more  parameters  are 
monitored  than  is  possible  by  manually  reading  the  available  aircraft  in¬ 
strumentation.  Therefore,  a  more  thorough  preflight,  during  flight,  and 
post  flight  Inspection  is  accomplished  using  the  airborne  AIDAPS  system. 

An  inherent  advantage  of  the  AIDAP8  system  in  reducing  inspection  time  is  that 
the  difficult  task  of  duplicating  flight  problems  on  the  ground  is  no  longer 
necessary  since  the  AIDAPS  system  is  constantly  gathering  data  during  the  flight. 

3.2.3  Decreasing  Required  Personnel  Skill  Level 

Various  types  of  inspections  are  performed  on  aircraft  by  assorted  maintenance 
personnel  of  different  skill  levels.  Por  example,  daily  preflight  and  postflight 
inspections  are  normally  performed  as  indicated  by  the  crew  chief.  These  checks  indue 
checking  fluid  levels,  plugged  filters,  foreign  object  damage,  etc.  The  AIDAPS 
system  will  perform  most  of  these  inspections  and  permit  the  crev  chief  to  perform 
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3-2-3  Coatimaed 

troubleshooting  functions  that  were  carnally  performed  by  specialists. 

the  use  of  the  airborne  AIDAPS  system  tends  to  reduce  the  required  skill 
level  of  naintenence  personnel  engaged  in  line  maintenance  activities.  Each 
crew  chief,  by  utilizing  the  AIDAPS  systems ,  can  effectively  troubleshoot 
the  various  aircraft  systess  without  outside  assistance.  The  use  cf  specialists 
for  line  maintenance  activity  can,  therefore,  be  reduced  to  the  troubleshooting 
of  oare  difficult  and  subtle  maintenance  problems  that  are  beyond  the  scope 
of  the  AIBAFS  system. 

Also,  periodic  inspections  and  intermediate  inspections  are  normally 
performed  by  qualified  mechanics.  These  inspections  include  visual  external 
inspection  of  engines,  borescope  inspection  of  internal  engine  sections, 
hot  section  inspections,  calibration  of  some  sensors „  inspection  of  accessory 
systems,  etc.  Using  the  AIDAPS  system,  these  inspections  are  quickly  and 
accurately  performed  by  mechanics  with  a  lower  skill  level  than  would  be 
required  if  they  were  done  manually. 

Various  different  configurations  of  automatic  inspection  adds  and  displays 
can  be  incorporated  into  the  AIDAPS  system  to  evaluate  and  display  selected 
parameters  so  as  to  most  effectively  help  maintenance  personnel  do  their  Job. 
Typical  of  the  maintenance  interfaces  available  are: 

1.  Visual  indicators  readily  visible  from  ground  level. 

2.  Information  recorded  end  displayed  on-board  whenever  aircraft  electrical 
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3.2.3  Continued 

3.  Information  recorded  and  stored  on-board  and  displayed  by  ground 
support  equipment. 

k.  Inclusion  vith  visual  indicators  of  an  integral  engine-mounted 

"use  and  abuse"  history  recorder  which  manually  displays  historical 


data. 
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3.3  Diagnostic  Impact 

The  Hamilton  Standard  AIDAPS  system  is  designed  to  have  a  direct  and 
immediate  benefit  to  all  forward  operational  organizational  level  units.  This 
benefit  is  derived  from  increased  operational  availability  of  the  aircraft, 
decreased  requirements  for  maintenance  diagnostic  skills  and  time,  and  a 
decrease  in  spare  parts  usage.  The  Hamilton  Standard  AIDAPS  system  provides 
to  the  using  organization  capabilities  that  do  not  now  exist  or  that  require 
extensive  skill  development  and  time  to  acquire.  This  is  especially  relevant 
due  to  rapid  turnover  of  personnel  in  the  military.  At  the  same  time,  the 
system  will  furnish  the  operational  commander  a  real-t-ime  status  report  for 
each  aircraft  and  increase  the  operational  availability  within  his  present 
resources. 

3.3.1  Increased  Aircraft  Availability 

Aircraft  availability  is  primarily  determine.!  by  the  maintenance  time 
to:  (a)  conduct  periodic  maintenance  inspections,  and  (b)  trouble  shoot, 
isolate,  repair,  and  test  to  insure  correction  of  failures  by  unscheduled 
maintenance. 

Probably  the  most  significant  improvement  attributed  to  an  airborne 
diagnostic  system  is  the  increased  availability  obtained  by  reducing  the  time 
required  for  both  the  above  maintenance  actions  in  data  compression  and 
immediate  on-the-spot  diagnostics.  The  reduction  of  maintenance  man  hour  per 
flying  hour  associated  with  the  reduced  time  for  problem  identification  and 
components  isolation;  added  trouble  shooting  capability  of  each  crew  chief; 
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<hh1  reduction  in  scope  of  periodic  maintenance  adds  up  to  a  improvement 

in  availability  of  operational  aircraft  considering  only  the  maintenance  action 
aspect.  Improved  spares  level  through  reduction  in  false  removals  and  improved 
data  base  for  overhaul  and  repair  will  further  contribute  to  the  improved  avail¬ 
ability. 

i.3#?  Decreased  Maintenance  Time 

Crew  chief  experience  will  in  many  cases  pinpoint  a  failure  and  identify 
corrective  action  based  on  repeated  cases.  However,  if  an  airborne  AIDAPS 
system  is  installed  on  the  aircraft,  the  crew  chief  can  use  this  system  as  a 
tool  to  troubleshoot  maintenance  problems.  The  system  not  only  identifies  the 
discrepancy,  but  it  also  details  the  corrective  actions  by  drawing  upon  the 
built-in  cumulative  wisdom  of  many  human  experts.  This  maintenance  aid,  there¬ 
fore,  decreases  the  requirements  for  maintenance  diagnostic  skills. 

It  is  a  *ell  recognized  fact  that  the  major  portion  of  troubleshooting 
time  on  jet  engines  is  spent  in  identifying  flight  discrepancies  and  trying 
to  duplicate  these  problems  on  the  ground.  If  an  airborne  AIDAPS  system  is 
utilized,  diagnostic  information  is  immediately  available  when  an  aircraft  lands 
which  will  identify  the  malfunctioning  system  component  and  furnish  recommended 
maintenance  actions.  In  addition,  these  maintenance  actions  can  be  performed 
by  the  crew  chief  and  should  not  require  specialist  help  for  pinpointing  prob¬ 
lems.  Maintenance  time  is  thus  basically  reduced  to  repair  and  re-inspect 
time. 
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i.  ;.  \  Decreased.  Spare  Parts  Use  and  Operational  Coat 


In  ramiy  cases  trouble  shooting  by  maintenance  people  with  limited 
diagnostic  skills  is  done  by  the  process  of  elimination;  i.e.,  removal  of 
various  parts  in  the  system  in  a  sequential  manner  until  the  problem  is 
resolved.  This  type  of  troubleshooting  plus  the  need  to  "time  change" 
certain  components  requires  that  a  large  amount  of  spare  parts  be  kept  in 
readiness.  These  spare  parts  stocks  and  costs  will  be  minimized  through  the 
abilities  of  AID APS  to  accurately  diagnose  malfunctions  and  permit  implemen¬ 
tation  of  "on-condition"  maintenance. 

Fuel  costs  constitute  another  important  part  of  aircraft  operating 
expenditures.  The  USAF  estimtes  that  AIDAPS  can  save  %  on  fuel  use  while 
commercial  airlines  generally  estimate  higher  than' the  5 %  figure.  This  saving 
is  reflected  through  identifying  high  fuel  flow  engines  and  initiating 
corrective  action.  Such  savings  can  be  reflected  in  added  flight  time  or 
reduced  operating  costs, 

3*3»1+  Mission  Effect 

The  airborne  AIDAPS  system  can  also  provide,  if  so  desired,  a  cockpit 
display  of  real-time  information  enabling  the  pilot  to  judge  critical  conditions. 
This  will  permit  the  pilot  to  evaluate  the  condition  versus  the  mission  and 
take  precautionax'y  action  when  necessary.  For  example,  if  a  serious  condition 
occurs  over  a  combat  zone,  the  pilot  may  choose  to  reduce  power  or  maintain 
a  higher  altitude  on  the  trip  back  to  base.  If  a  serious  condition  occurs 
shortly  after  takeoff,  the  mission  may  be  aborted  in  the  interests  of  flight 
safety. 
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3.4  Prognostic  Impact 

The  ability  of  the  Hamilton  St^dard  AIDAPS  system  to  collect  ana 
analyze  trending  data  and  perform  prognostic  functions  will  produce  long 
range  improvements  to  tvc  difficult  maintenance  problems  that  have  long 
hampered  aircraft  operstksaS.  availability,  both  military  and  civilian.  These 
are  TBO  (Time  Between  Overhaul)  and  Maintenance  Scheduling. 

3.4.1  Increased  TBO  (Time  Between  Overhaul) 

Currently,  overhaul  periods  are  predetermined  based  on  statistical 
maintenance  data  which  results  in  LRU  removal  from  the  aircraft  on  a  "time 
change"  basis.  Many  items  are  thus  removed  at  prescribed  time  intervals 
regardless  of  the  fact  that  they  may  still  be  serviceable  and,  conversely, 
degenerating  items  may  not  be  detected  until  severe  malfunctions  occur. 

Since  the  AIDAPS  system  monitors  the  performance  status  of  all  major 
LRU's  during  all  phases  of  flight  operations,  a  constant  knowledge  of  sub¬ 
system  and  component  health  condition  wiJh  respect  to  allowable  tolerances  is 
available.  This  continuous  on  condition  monitoring  will  reduce  time  changes 
to  a  minimum  and  vrill  ultimately  eliminate  time  change  requirements,  thereby, 
substantially  reducing  the  amount  of  spare  parts  required.  Thus,  an  LRU  will 
no  longer  be  removed  from  an  aircraft  solely  because  it  has  accumulated  a 
prescribed  amount  of  flying  time,  but  rather  because  it  shows  signs  of  wear 
and  impending  failure.  This  on-condition  method,  when  applied  to  all  the 
aircraft  systems,  will  serve  to  increase  the  average  time  between  overhaul 
(TBO)  of  the  major  LRU's  in  the  aircraft  and  will  "esult  in  lower  spares 
stocks,  lower  overhaul  costs  and  high  availability. 


Hamilton  U  hsebwco 

Standard  PU  voimei 

3.4.2  Improved  Maintenance  Scheduling 

Use  of  the  AH) APS  system  will  increase  (TBO)  and  give  advance  notice  of 
overhaul  need  for  all  of  the  major  IBU’s  in  the  aircraft  as  explained  above. 
As  a  result,  scheduled  Maintenance  operations  will  occur  less  frequently, 
and  can  be  grouped  for  an  aircraft,  thereby  permitting  Maintenance  officers 
to  score  efficiently  plan  their  scheduled  Maintenance  activities.  Assuming 
that  a  maintenance  officer  is  working  with  his  present  resources,  he  can  score 
effectively  perform  scheduled  maintenance  operations  since  his  specialists 
are  unburdened  from  the  normal  trouble  shooting  functions  which  the  crew 
chief,  with  the  aid  of  AH)  APS,  can  now  accomplish.  Therefore,  due  to  the 
more  effective  utilization  of  personnel,  a  reduction  in  required  manpower  and 
training  costs  is  possible  to  accomplish  the  same  maintenance  tasks. 


Votumel 


The  entire  A3DAFS  program  was  crigioaHy  planned,  for  completion  within 
a  period  of  one  (l)  year.  The  program  was  divided  into  foar  (k)  phases  as 


follows: 


Phase 


Start  Date 
7/1/70 
10/1/70 
12/l/70 

1/1/71 


suction  Bate 
9/30/71 
11/30/71 
12/31/71 
6/30/71 


PJ-ases  A,  B,  and  C  were  completed  as  scheduled,  however.  Phase  D  was  extended 
to  accommodate  a  change  in  scope  of  the  program.  Originally,  two  (2)  UK-1 
aircraft  were  to  accumulate  flying  time  at  Fort  Rucker,  Alabama,  with  two 
(2)  AIDAFS  systems  aboard.  Since  the  flight  test  location  was  changed  to 
ARADMAC  at  Corpus  Christi,  Texas,  it  was  decided  to  expand  the  Phase  D 
program  to  fly  one  aircraft  with  various  discrepant  components .  Also,  six 
nominal  p° ts  of  components  (engine,  transmission  parts,  42°  and  90°  gear 
boxes)  were  flown  to  establish  baselines  for  verification  testing.  This 
program  expansion  extended  Phase  D  into  the  first  part  of  October,  1971. 

3.3.1  Location  of  Work 

The  following  major  tasks  in  the  UH-1  AID APS  program  for  each  phase  were 
accomplished  at  the  following  locations: 

3. 3.1.1  Phase  A 

1.  Fabrication  of  AIDAPS  hardware  -  HSD 

2.  Installation  Analysis  -  HSD,  Bell  Helicopter,  and  Lycoming 
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3 •  Sensor  Selection  -  3S5  sod  IgrcandEg 

4.  Engine  Sensor  Fabrication  -  Lycoming 

5.  Generation  or  Software,  FT?  am  other  Asearatetloa  -  &2) 

3. 5.1.2  Rase  B 

1*  Test  Cell  Installation  -  AEADHAC 

2.  Systems  Calibration  -  ARADMAC  sod  BSD 

3.  Test  Flans  -  BSD 

Test  Cell  Tests  -  ARADMAC 
%  Test  Cell  Data  Analysis  -  ARADMAC  and  BE® 
j.^.1.3  Phase  C 

1.  Fabrication  of  bracketry,  etc.  -  HSD 

2.  Fabrication  of  harnessing  -  ARADMAC  and  HSD 

3.  Helicopter  Installation  and  Checkout  (2  aircraft)  -  ARADMAC 
3.b.l.4  Phase  D 

1.  Flight  Tests  -  ARADMAC 

2.  Might  Test  Data  Analysis  -  ARADMAC  and  HSD 

3.  Calibration  of  Equipment  -  ARADMAC  and  HSD 
3.'i.2  Manpower  Loading  at  Test  Site 

The  manpower  requirements  in  terms  of  full  time  personnel  for  Phases  B, 
C  and  D  were  as  follows  (no  test  site  activity  during  Phase  A): 

Phase  B 

Four  (4)  Engineers 

1  -  Project  Engineer  (Spent  time  at  test  site  and  HSD  as  required) 

1  -  Programmer/Analyst 


Coatioaed 


2  -  'Best  Engineer  (awrtiwsre  specialist) 

2  -  Best  Eqgiaeer  (Viferatioa  specialist) 

Two  (2)  Becfesaciaas 
1  -  Electronics 
1  -  Transducers 
Phase  C 

1  -  Project  Engineer 

2  -  Test  Engineers 
2  -  Technicians 
Phase  D 

2  -  Project  Engineer  {Spent  tine  at  test  site  and  USD  as  required) 

2  -  Test  Engineers 
1  -  Technician 

It  should  be  noted  that  throughout  the  program  additional  part  time 
manpower  was  used  within  budgetary  limits  to  support  the  program.  Additional 
manpower  was  needed  especially  during  initial  installation  of  the  equipment 
in  the  test  cell  and  then  on  the  aircraft. 

3.5.3  Role  of  Bell  Helicopter  and  Lycoming 

Bell  Helicopter  Company  (BHC)  was  chosen  as  consultant  to  AVSCCM  for  the 
purpose  of  assisting  and  advising  Hamilton  Standard  in  all  technical  areas 
associated  with  the  AID APS  Test  Bed  Program.  When  required,  Bell  Helicopter 
Company  obtained  support  from  Lycoming.  In  addition,  Lycoming  was  also 
selected  under  separate  contract  as  a  vendor  to  Hamilton  Standard  to  supply 
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tw©  sets  off  engitae  trsasdncers  ani  harnesses  for  test  cell  testing  an$  flight 
testing.  lycomieg  also  provided  to  Faariltca  Standard.  a  sSiagosstic  software 
package  ffcr  adaptation  withies  the  airoorae  software  program. 


tig SS 


Bell  Helicopter  Goopeny  support  earing  the  U3-1  Test  Bed  Program  ingladed 


the  foil  owing  activities: 

3-5-3* 1-1  Phase  A  Installation  liaison 


Daring  Phase  A,  Bell  Helicopter  support  was  drawn  on  extensively  in 
establishing  various  transducer  locations  throughout  the  aircraft.  Hamilton 
Standard  engineering  personnel  worked  closely  with  BBC  to  determine  location 
and  method  of  attachment  off  transducers.  Also,  BBC  provided  all  needed 
drawings,  sketches,  etc.  to  aid  in  the  -esign  off  various  brackets  ffor 
transducer  installations.  BBC  also  assisted  in  solving  problems  associated 
with  transducer  and  AID APS  hardware  installation. 

3. 5. 3-1.2  Phase  A  Flight  Test  Plan  Consultation 


BHC  was  contacted  to  aid  in  the  preparation  off  a  Flight  Test  Plan  to 
be  followed  during  the  Flight  Test  Phase  of  the  program.  The  combined  efforts 
of  Hamilton  Standard  and  BHC  were  used  to  generate  a  Flight  Test  Plan  most 
suitable  for  the  UH-1  aircraft  and  its  use  in  the  AIDAPS  Test  Bed  Program. 

3. 0.3.1 *3  Diagnostic /Prognostic  Data  Consultation 


BHC  efforts  were  utilized  in  the  refinement  of  mechanical  diagnostic 
software  during  the  course  of  the  program.  BHC  reviewed  the  mechanical 
diagnostic  logic  generated  by  Hamilton  Standard  and  advised  changes  in  certain 
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ounsss  fcaioed  cc  their  experience  with  the  03-1  aircraft,  rami  1  toe  Standard 
|  *  also  sz^gpsted  changes  to  the  S3C  reports. 

j  3-5-3-1-4  Additional  Bell  Beliccpter  Carpagy  Support 

| 

BSC  provided  the  following  additional  support  to  Earn  Titos  Standard: 

1)  Supplied  a  twc-vuLsme  data  package  which  provided  iofarnaticu  required 

« 

to  initiate  Phase  A  activity 

i 

2)  Be  viewed  end  approved  hardware  installation  plans  daring  Phase  A 

3)  Provided  consultation  daring  Phase  3  data  analysis  with  regard  to 
transmissions  and  gear  boxes. 

4)  Provided  consultation  during  the  Installation  Phase  C  regarding 
implementation  of  the  approved  installation  plans  for  AIDAPS  hardware 
and  transducers 

s)  Provided  consultation  during  Phase  D  and  helped  resolve  problems  en¬ 
countered  during  the  Flight  Test  ibase  of  the  program. 

3*5*3. 2  Lycoming  Support 

Lycoming  support  during  the  UH-1  Test  Bed  program  consisted  of  assisting 
Bell  Helicopter  Company  where  required  to  complete  support  described  in 
Sections  3*5. 3*1*1  through  j. 5. 3. 1.4  of  this  report.  In  addition,  Lycoming 
supplied  two  sets  of  engine  transducers  and  harnesses  complete  with  installation 
plans  and  photos  for  installation  in  the  test  cell  and  UH-1  aircraft.  Lycoming 
also  provided  a  diagnostic  software  package  that  was  partially  used  in  the 
final  airborne  software  program.  Lycoming  also  provided  support  in  maintaining 
this  hardware  during  the  Test  Bed  Program. 
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The  portable  work  area  that  was  used  dsziag  P&escs  3,  C,  arasi  3  of  the 
123-1  jHBAFS  program  is  £  McCarthy  Mobile  Office  So.  M3-36,  modifies,  to  be 
used  as  a  conbinastiosa  office  aai  laboratory - 

Tbe  Mobile  Office  (Van)  is  36  feet  in  length  of  which  32  feet  is  usable. 
Toe  van  is  divided  into  two  separate  areas  (refer  to  Figure  3~1>  3-1A,  3-13) 
designated  the  Software  Office  and  the  Kniigpent  Maintenance  and  Calibreti  on 
Office  each  having  their  own  entrance.  The  rear  portion  of  the  Van  houses 
the  equipment  required  to  conduct  the  software  portion  of  the  progren  in¬ 
cluding  the  Digital  Processor,  Tape  Readers,  etc.  (equipment  listed  in 
Section  3. 5.4.2).  This  software  section  has  a  separate  entrance  and  office 
area  containing  a  desk,  filing  cabinets,  and  overhead  storage  cabinets.  Like¬ 
wise,  the  forward  section  of  the  van  is  suitably  equipped  to  perform  hardware 
service  and  calibration.  The  equipment  in  the  van  was  not  built-in  but  rather 
the  van  and  the  contents  were  shipped  to  ARADMAC  separately  and  assembled  on 
site.  This  approach  minimized  shipment  damage  and  facilitates  disassembly 
and  economical  disposition  of  the  van  at  the  completion  of  the  AIDAPS  program. 
3. 5-4. 2  List  of  Equipment  in  Van 
3. 5. 4. 2.1  Software  Support  Equipment 
1  DDP  116  Digital  Processor 

1  Teletype ;  ASR33 


1  Magnetic  Tape  Reader 

2  High  Speed  Paper  Tape  Reader 
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3-'i.%-2.2  Sardvare  Scaspcrfc  Bcstpmest 
2  Millivolt  Supplies 

1  Digital  Mt  Meter  (INM) 

1  Four-Channel  Scope  and  Scopesooile 

1  Frequency  Counter 

1  Function  Generator 

1  Analog  Voltmeter 

1  Variable  Transformer 
1  Megohm  Decade  Box 

Various  assortment  of  Scope  Probes,  Test  Leads,  Coaxial  Cables,  and 
connectors,  etc.,  to  support  airborne  hardware  and  calibration  activity. 

3-5. 4. 3  Van  Power  Requirements 

The  power  requirements  for  the  van  are  as  follows : 

115  VAC;  60  Hz  -  120  amp  service 

115  VAC;  3  0J  ^00  Hz  -  750  VA 

28  YDC  -  50  amps 

The  120  amp  service  is  required  to  accommodate  all  the  test  equipment, 
lighting,  air-conditioning  and  other  utilities.  The  115  VAC  30  power  is  re¬ 
quired  to  provide  power  for  the  airborne  hardware  during  calibration  and 
maintenance. 

The  28  VDC  power  is  required  to  run  the  airborne  inverters  for  system 
testing  in  the  van. 


BBEB6M0 
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Tlte  wan  rones  equipped  with  standard  telephone  jacks  approved  hy  the  Bell 
System  for  telephone  installation.  Two  telephones  were  installed  in  the  van; 
i.e.,  one  for  the  Software  Office  and  one  for  the  Equipment  Maintenance  and 
Calibration  Office.  The  same  extension  was  used  for  conference  call  purposes. 
3 .  r> .  5  HSD  Computer  Support 

All  recorded  data  that  was  taken  during  test  cell  and  flight  testing  was 
processed  via  an  on-site  ground  based  computer  for  preliminary  analysis.  This 
computer  (the  DDP116)  was  used  to  confirm  that  valid  information  was  being  ob¬ 
tained  for  the  detailed  off-site  analysis  and  verification  studies  that  were 
completed  at  the  Hamilton  Standard  computer  center. 

Wj.'j.l  Off-Site  Data  Analysis 

The  off-site  data  analysis  utilized  an  IBM  System  370  Computer  located  at 
Hamilton  Standard.  The  major  tasks  that  were  accomplished  by  this  computer 
included  verification  and  refinement  of  the  diagnostic  logic  and  data  inter¬ 
pretation  for  trend  analysis.  The  input  to  the  IBM  370  computer  was  the 
magnetic  tape  data  obtained  from  the  airborne  computer  and  reviewed  by  the 
DDP  116  computer. 

The  detailed  analysis  program  included  the  following  tasks: 

1.  Present  the  recorded  data  in  tabular  form  in  engineering  units  or  the 
raw  data  on  request. 

2.  Conduct  trend  analysis  and  investigate  the  feasibility  of  predicting 
the  life  of  the  components. 
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3.  Store  the  data  and  update  the  trending  files  as  indicated  by  the  trend 
program . 

4.  Verify  or  refine  the  diagnostic  analysis  of  the  airborne  computer . 

5.  Prepare  and  format  the  recorded  information  for  final  display. 

The  verification  and  refinement  of  the  diagnostic  logic  was  an  iterative 
man-machine  process.  The  initial  IBM  370  program  was  a  FORTRAN  version  of  the 
airborne  computer  program.  The  airborne-generated  action  messages  were  then 
verified  by  the  ground  programs.  The  tabular  data  presented  by  the  computer 
was  also  analyzed  for  simplified  means  of  arriving  at  the  same  action 
messages.  Second  generation  programs  were  devised  and  checked  out  to  reduce 
the  task  of  the  airborne  computer.  These  second  generation  programs  were 
incorporated  into  the  airborne  computer  at  opportune  times. 

3.‘j.r^.2  Data  Analysis  Flow  Chart 

The  flow  chart  shown  in  Figure  3-2  illustrates  the  procedure  followed 
for  «>«»'■•  magnet  •»  that  "was  generated  during  the  Test  Cell  Phase  B  and 
the  Flight  --t  ’  .sse  D. 
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}.(>  Phase  A  Tasks 

Phase  A  activity  was  conducted  at  Hamilton  Standard  during  the  period 
from  July  1,  1970  through  September  30,  1970.  The  major  tasks  involved 
modification  of  existing  hardware  for  use  on  the  UH-1  aircraft,  a  diagnostic 
logic  analysis,  installation  analysis  and  sensor  selection.  Two  (2)  com¬ 
plete  shipsets  of  hardware  were  prepared  during  this  phase  of  the  program. 

3.0.1  Hardware  Modification  and  Fabrication 

The  major  portion  of  the  hardware  used  during  the  UH-1  Test  Bed  program 
was  redeployed  from  the  Hamilton  Standard  KSS-DC-9  Airborne  Integrated  Data 
Systems  (AIDS)  program.  NOTE:  Refer  to  Section  4.0  for  hardware  description. 
The  Main  Electronics  Unit  (MEU)  and  Data  Entry  Panel  (DEP)  were  modified  for 
adaptation  to  the  UH-1  aircraft.  All  new  signal  conditioning  circuitry  was 
incorporated  in  a  separate  Air  Transport  Rack  (ATR)  box  called  the  Auxiliary 
Box  which  was  interconnected  to  the  MEU  and  DEP.  This  auxiliary  electronics 
box  was  used  for  expediency  recognizing  that  the  MEU  had  more  circuitry  than 
was  needed  because  of  the  complexity  of  the  DC-9  system.  This  extra 
capability  could  have  been  removed  and  the  new  UH-1  signal  conditioning 
circuitry  could  have  been  added  to  the  existing  MEU,  but  this  would  have 
resulted  in  extensive  MEU  rework.  Therefore,  it  was  decided  to  incorporate 
all  new  circuitry  into  the  Auxiliary  Box  and  merely  deactivate  the  circuitry 
not  required  in  the  MEU. 

Other  hardware  was  also  fabricated  specifically  for  the  UH-1.  A  "brass- 
board"  MAAP  (Maintenance  Action  Anrun.Panel)  was  fabricated  (see  Section  4.4). 
Also  fabricated  were  all  the  brackets,  fittings,  etc.  that  were  required  to 
mount  the  sensors  and  electronics  hardware  in  the  UH-1  aircraft.  Certain 
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items  such  as  the  digital  magnetic  tape  recorder  did  not  have  to  be  modified. 
Also  items  such  as  the  two  (2)  28  VDC  to  400  Hz  inverters  required  per  ship- 
set  were  purchased  for  installation  in  the  UH-1  aircraft.  Certain  ground 
base  hardware  had  to  be  fabricated  such  as  magnetic  tape  to  DDP  116  interface 
circuitry,  etc. 

During  this  phase,  Lycoming  prepared  all  the  transducers  interface  hard¬ 
ware  that  was  required  for  the  engine.  They  also  fabricated  all  engine 
harnessing  that  was  required.  Additional  harnessing  to  interconnect  the 
electronic  boxes  was  also  fabricated  during  this  period  far  test  cell  and  the 
UH-1  aircraft  installations. 

All  sensors  that  were  selected  for  use  on  the  UH-1  aircraft  were  ordered 
and  received  during  this  time  period.  Certain  long  lead  time  items  that 
were  not  required  until  the  Flight  Test  Phase  were  not  received  until  Phase 
B  or  Phase  C. 

1.6.2  Diagnostic  Logic  Analysis 

All  government  furnished  data  was  reviewed  and  analyzed  and  a  diagnostic 
logic  analysis  was  performed.  Extensive  work  was  conducted  on  generating  the 
software  that  was  required  for  test  cell  running  and  the  Flight  Test  Phase. 

This  software  was  refined  during  Phase  B  and  further  refined  during  the  Flight 
Test  Phase. 

During  this  time  period  an  Cn-site/Off-site  Data  Analysis  Plan  was 
prepared,  and  Quick-Look  Van  analysis  equipment  was  specified.  Also  a 
sample  simulation  tape  was  prepared.  The  software  that  was  generated  included; 
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<>.2  Continued 

(a)  Recommended  parameter  limits 

(b)  Recommended  parameter  interrelationships 

(c)  Recommended  preliminary  diagnostic/prognostic  logic 

(d)  Output  data  and  display  formatting 

(e)  Internal  system  supervisory  program. 

0.3  Installation  Analysis 

A  detailed  installation  analysis  was  performed  during  Phase  A  which  in¬ 
cluded  trips  to  Bell  Helicopter  Company  and  Lycoming  for  consultation.  All 
detailed  drawings  and  sketches  that  were  required  for  equipment  installation 
were  prepared  during  this  period.  This  work  culminated  in  the  preparation  of 
the  "Plight  Hardware  Installation  Plan  for  UH-1  Test  Bed  Program,"  Document 
No.  II-AIDAPS-0-18,  dated  17  September  1970.  Details  regarding  installation 
are  also  covered  in  Section  3.8  of  this  report. 

0.4  Sensor  Selection 

During  Phase  A,  a  detailed  sensor  accuracy  analysis  was  conducted  and 
sensors  were  selected  that  would  achieve  the  accuracy  requirements  of  the 
A ID APS  system.  It  should  be  noted  that  a  large  number  of  parameters  were 
chosen  using  the  philosophy  that  "it  is  easier  to  remove  items  than  to  later 
add  them."  Throughout  the  program,  the  contribution  of  each  sensor  to  the 
total  diagnostic  system  was  reviewed  periodically  to  determine  if  that 
particular  parameter  would  be  retained  or  dropped  at  the  end  of  the  program. 

A  detailed  sensor  and  parameter  description  is  given  in  Section  4.10  of  this 
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Ollier  Phase  A  Activities 

Program  Implementation  Plan  (PIP) 

Besides  the  activities  discussed  above,  other  contract  requirements  were 
completed  during  Phase  A  such  as  the  generation  of  a  "Program  Implementation 
Plan  for  UH-1  Test  Bed  Program",  Document  No.  H-AIDAPS-0-14,  dated  October, 
1'JYO.  This  plan  detailed  the  Phase  B  and  Phase  ,D  test  operations. 

The  Phase  B  segment  included: 

(a)  Schedule  of  Activity 

(b)  Equipment  to  be  tested 

(c)  Facilities  and  test  equipment  to  be  utilized. 

(d)  Equipment  set-up  and  sensor  1  installation  procedures 

(e)  Test  run  procedures 

I 

(f)  Sensor  removal  procedures 

(g)  Documentation  plans 

The  Phase  D  segment  included: 

(a)  Flight  coordination  procedures 

(b)  Flight  debriefing  procedures 

(c)  Flight  conditions  to  be  evaluated, 
o.b.p  Procurement  of  Portable  Work  Area  (Van) 

Phase  A  activity  also  included  the  search  fa”  a  suitable  Portable  Work 
Area  to  be  utilized  during  Phases  B,  C,  and  D.  It  was  decided  to  procure  a 
standard  mobile  office  and  prepare  the  work  area  cn  site.  This  item  is 
discussed  in  detail  in  Section  3-5.4  of  this  report. 
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). Initial  Airborne  System  Checkout 

Following  the  fabrication  and  individual  testing  of  each  electronic 
component,  the  entire  AID APS  system  was  checked  out  during  Phase  A  with 
certain  portions  simulated  as  required  prior  to  shipment  of  the  two  (2) 
systems  to  ARADMAC.  The  initial  airborne  software  program  was  used  during 
the  initial  system  hardware  run-up  and  performance  verification. 
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3,7  jhage  1)  Tasks 

Phase  B  activity  consisted,  of  monitoring  engines,  transmissions,  and  gear 
boxes  using  the  two  flight  hardware  systems  prepared  during  Phase  A.  Curing 
this  phase ,  a  test  goal  of  38  engines,  40  transmits  ions,  40-9$°  g  5ar  boxes, 
and  24-42°  gear  boxes  was,  established.  The  above  totals  consist  of  both  good 
(nominal)  and  discrepant  parts.  The  actual  total  mmber  of  componerits  monitored 
duri^v  Phase  B  was  28  engines,  63  transmissions,  52-90°  gear  boxes,  and  35-4*?° 
gear  boxes,  for  an  actual  total  of  178  components  tested  against  a  design  goal 
of  142.  A  main  objective  of  this  phase  was  to  performance  test  the  entire 
AIBAPS  System  and  prove  these  techniques  could  actually  detect  known  discrepant 
parts . 

3.7.1  lest  Cell  Installation 

The  test  cell  installation  activity  was  started  o&  schedule  (10-1-70) 
baaed  on  preliminary  liaison  effort  conducted  during  .September  between  HSD 
personnel  and  the  ARADMAC  Test  Cell  Engineering  Gr  ,iTp.  Delivery  or  the  McCarthy 
Mobile  Office  was  accepted  in  late  September  1970.  Work  to  transform  the 
Mobile  Office  inno  a  suitable  portable  work  are?  (Van)  vas  initiated  during 
the  Inst  week  of  September  1970  and  completed  during  the  first  week  of 
October  1970. 

3. 7. 1.1  Test  tell  Wiring 

Dx  Test;  Cell  wiring  installation  was  designed  to  minimize  the  time 
required  for  hook-up  cnce  a  component  (engine,  transmission  or  geai  box) 
wus  installed  in  its  appropriate  test  cell.  Wire  bundles  were  routed  through 
the  test  ceij  walls  via  existing  conduit  snd  large  electrical  quxck-discornect 
,  connectors  w ?ic.  used  at  both  ends  of  tne  wire  bundle.  This  facilitated  a 
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3.7. 1.1  continued 

quick  electrical  hook-up  of  a  component  (engine,  transmission  or  gear  box) 
that  was  prepared  for  test  outside  the  test  cell  and  also  enabled  quick 
change  of  the  flight  hardware  system  for  calibration,  troubleshooting,  etc. 

3he  harnesses  used  on  each  particular  component  (engine,  transmission,  or 
gear  be.:)  were  also  designed  for  quick  change.  Each  leg  of  the  harness  for 
each  sensor  location  was  lengthened  and  draped  over  the  component  with  mini¬ 
mum  tie-down  to  the  component,  thereby  expediting  the  installation  and  removal 
of  the  particular  harness. 

If  a  sensor  signal  was  shared  between  the  regular  test  cell  instrumenta¬ 
tion  and  AIDAPS  instrumentation,  the  electrical  connection  was  made  at  the 
serscr  location.  This  wiring  method  minimized  the  interference  with  standard 
test  cell  instrumentation  and  expedited  troubleshooting  of  either  an  AIDAPS 
System  wiring  problem  or  a  standard  test  cell  instrumentation  wiring  problem. 

3. 7.1.2  Test  Cell  Sensor  Installation 

Two  sete  of  sensor  hardware  were  utilized  during  the  test  cell  phase  of 
the  program.  This  enabled  a  component  (engine,  transmission,  or  gear  box) 
to  be  prepaied  for  test  while  another  component  was  being  tested  in  its 
respective  test  ce3.1;  i.e.,  sensors  were  installed  and  quick-change  harness 
wes  connected  to  each  sensor  outside  the  test  cell.  When  the  test  cell 
was  available,  the  component  was  mounted  in  the  test  cell  and  the  only 
further  requirement  was  to  hook  up  the  electrical  quick-dio connect  connector 
to  the  test  cell  harness  and  proceed  with  the  testing.  Ihis  procedure 
considerably  minimized  any  interference  with  the  normal  activities  of  the 
test  ce 
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3.7.1. 3  Kleetronlc  Hardware  Installation 

Hit-  electronic  AIDAPS  equipment  Including  the  vibration  instrumentation 
was  mounted  on  a  portable  cart  complete  with  an  interconnecting  electrical 
harness.  The  harness  had  a  quick-dis connect  electrical  connector  to  facili¬ 
tate  quick  removal  and  hook-up  to  the  permanent  test  cell  harness.  This 
feature  expedited  the  removal  of  AIDAPS  electronic  hardware  and  vibration 
instrumentation  from  the  test  cell  for  checkout  in  the  portable  work  area 
(Van).  This  procedure  also  made  it  possible  to  time  share  the  electronic 
equipment  between  the  gear  box  test  cello  and  the  transmission  test  cells, 
as  required. 

Upon  completion  of  the  test  cell  testing  (lhase  B ),  the  test  cell  harness 
was  left  intact  for  possible  future  testing  during  the  flight  Test  Phase. 

This  proved  wise  since  the  test  cells  were  utilized  during  the  Plight  Test 
Phase. 


3.7.2  System  Calibration 

The  AIDAPS  System  has  been  periodically  calibrated  to  insure  that  no 
unknown  drift  has  taken  place  in  the  system  electronics  and  sensors.  If 
drift  has  occurred,  it  may  be  trimmed  out  or  accounted  for  in  the  data 
analysis. 

After  test  cell  installation  and  prior  to  data  gathering,  the  complete 
AIDAPS  system  was  tested  for  proper  operation,  and  all  hardware  and  wiring 
discrepancies  were  corrected.  Hie  vibration  instrumentation  was  set  up  to 
be  completely  independent  of  the  AIDAPS  hardware;  that  is,  all  vibration 
sensor  inputs  were  directed  to  an  analog  recorder  where  data  was  recorded 


and  consequently  analyzed  as  a  separate  entity.  This  equipment  was  also 


calibrated  as  a  separate  entity. 
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3. 7.2.1  AIDAPS  Equipment  Calibration 

All  electronic  equipment  and  instrumentation  was  calibrated  twice  during 
the  Tfest  (fell  Biase.  The  method  of  calibration  used  for  the  AIDAPS  equipment 


is  as  follows: 


1.  S't'.iiulate  all  sensor  signals  using  voltage  sources  at  the  inputs 
to  the  signal  conditioning  circuitry  in  the  Ifein  Electronics  Unit  and 
Auxiliary  Box,  which  are  described  in  Section  4.2. 

2.  Select  approximately  6  different  inputs  for  each  sensor  simulation 
range  and  input  these  known  signals  into  the  electronics  units  (M£o  end 
Aux.  Box).  The  output  readout  is  obtained  at  the  Data  Entry  Panel  (see 
Section  4.3  for  description).  The  output  and  input  values  are  tabulated 
for  future  processing. 

3. 7-2.2  Sensor  Calibration 

All  sensors  used  in  the  system  were  calibrated  once  during  the  test  cell 
phase.  These  sensors  were  calibrated  as  separate  entities;  i.e.,  each 
sensor  was  sent  to  its  respective  calibration  lab  (pressure,  temperature, 
etc.)  and  calibrated  alone  rather  than  calibrated  with  the  electronic 
equipment.  The  method  of  calibration  used  for  the  sensors  is  as  follows: 

1.  Input  actual  pressures,  temperatures,  positions  and  flows,  etc.,  to 
each  respective  sensor  via  lab  standards  test  equipment. 

2.  Select  approximately  7  different  value  inputs  for  each  respective 
sensor  and  input  these  physical  paramters  to  the  sensor.  The  output  is 

read  in  voltage  at  the  output  of  the  transducers.  The  sensor  is  electrically 
loaded  to  simulate  the  actual  loading  conditions  in  the  test  cell  or  aircraft; 
i.e.,  the  parallel  impedance  of  the  electronics  unit  and  aircraft  gages  would 
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3. 7.2.2  continued 

be  r.  Lmulftted  and  the  transducer  loaded  with  the  simulated  impedance  during 
calibration.  The  output  and  input  values  are  tabulated  for  future  processing. 

3. 7-2. 3  Calibration  Accuracy 

A  general  rule  regarding  calibration  equipment  accuracy  was  adhered  to 
during  the  calibration  of  the  AIDAPS  equipment,  sensors,  and  vibration 
equipment  such  that  all  calibration  equipment  used  should  have  accuracies 
greater  than  airborne  equipment  accuracies  by  a  factor  of  10. 

3. 7.2. 4  Computer  Processing  of  Calibration  Data 

All  calibration  data  obtained  from  AIDAPS  equipment  and  sensor  calibration 
was  tabulated  and  transferred  to  IBM  cards.  An  IBM  370  computer  was  used  to 
process  the  calibration  data  obtained  from  the  AIDAPS  airborne  hardware.  This 
processing  included  a  program  to  integrate  the  calibration  data  obtained  from 
the  AIDAPS  airborne  electronics  and  sensors  with  the  data  actually  obtained 
from  the  same  during  each  flight.  Therefore,  the  IBM  printout  of  all  para¬ 
meters  that  is  obtained  for  each  flight  ie  automatically  corrected  with  the 
latest  calibration  data  that  is  obtained  from  either  AIDAPS  System  #1  or 
System  #2. 

Rigid  control  of  calibration  records  was  maintained  throughout  the  Test 
Cell  Riase  and  the  Flight  Test  Ihase  of  the  program.  Fbr  example,  every  time 
a  sensor  was  changed  or  recalibrated,  the  calibration  number  was  changed  on 
the  flight  log  sheet  and  a  new  calibration  sheet  was  forwarded  back  to  BSD. 
This  data  was  transferred  to  IBM  cards  and  inputted  into  the  IBM  370  computer 
when  the  data  for  that  particular  flight  was  processed.  This  procedure  was 
also  followed  when  the  AIDAPS  airborne  electronics  was  recalibrated. 
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3-7-3  Good  and  Discrepant  Rurts  Test  Plan 

A  large  portion  of  the  data  was  obtained  during  normal  test  cell  operation. 
A  review  of  the  normal  test  run-in  procedures  indicated  that  many  of  the 
operating  conditions  and  transients  are  usually  investigated  and  did  not 
require  special  planning.  A  certain  amount  of  monitoring  of  the  AIDAPS  data 
was  done  periodically  during  the  normal  component  testing  while  additional 
monitoring  was  accomplished  as  special  conditions  were  obtained  during  a 
post  test  run. 

3-7.3-1  Test  Procedure  for  Component  Testing 

The  basic  procedure  for  component  testing  is  as  follows: 

a.  Turn  on  equipment  and  perform  Van  Test  (Section  3*7-3*2.l) 

b.  Prepare  the  component  for  sensor  installation 

c.  Pill  out  HSD  data  sheet  on  the  component 

d.  Attach  sensors  to  brackets  and  install  harness 

e.  Install  component  in  test  cell 

f.  Turn  on  equipment  and  perform  Test  Cell  Test  (Section  3- 7. 3. 2. 2) 

g.  Run  tests  per  specified  Test  Plan 

h.  During  steady-state  operation,  verify  that  data  is  entering  properly 

i.  Remove  sensors  and  brackets  after  component  testing 

j.  Fill  in  HSD  data  sheet 

k.  Verify  the  data  on  the  magnetic  tape  with  the  DDP-116  ground  base 
computer  in  the  Mobile  Office 

l.  Fill  in  HSD  visual  displays  at  Mobile  Office  at  end  of  day's  activities 

m.  Route  magnetic  tape  back  to  HSD 

n.  Revise  diagnostic  software  as  a  result  of  data  from  previous  test  runs 
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3.7«3*1  continued 

If  an  abnormal  condition  occurs  during  (f)  above,  an  additional  period 
of  running  time  (3  minutes)  would  be  required  to  allow  the  development  of 
signature.  Note:  This  extra  data  was  taken  only  if  a  safety  hazard  does 
not  exist. 

3. 7.3. 2  AIDAPS  Computer  Pre-Test  Checkout  Procedure 

3. 7.3*2. 1  Check  In  On-Site  Mobile  Office 

1.  Connect  MEU,  EEP,  Auxiliary  Box 

2.  Connect  Sensor  Simulator  to  Auxiliary  Box 

3.  Turn  on  power 

4.  Interrogate  sensors  using  HEP  for  correct  value 

5*  Record  data  on  tape 

6.  Input  magnetic  tape  to  Van  computer 

7.  Verily  that  data  was  recorded  correctly 
Note:  lhis  check  was  completed  weekly  as  a  minimum. 

i.Y.J.2.2  Check-In  Test  Cell 

1.  Connect  all  AIDAPS  components  per  installation  Instructions 

2.  Turn  on  power 

3.  Interrogate  selected  sensors  using  EEP;  pressures  and  temperatures 
will  read  ambient;  speeds,  fuel  flow,  temperature  differential  will 
read  zero 

4.  Record  data  on  tape  and  repeat  steps  (6)  and  (7)  above 

Note:  IMs  check  was  completed  before  each  run.  If  the  equipment  appeared 
to  have  a  malfunction  present  prior  to  or  after  the  test  cell  run,  the  equip¬ 
ment  was  returned  to  the  Mobile  Office  and  the  test  specified  in  Section 
3. 7.3.2. 1  was  performed. 
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The  90°  gear  box,  42°  gear  box  and  transmission  tests  presented  in  the 
U.  S.  Army  Test  Data  Sheets,  WR55-1560-127/-128,  WR55-1560-123,  and  WR55- 
1560-202/-203  were  adequate  and  were  used  during  test  cell  testing  of  the 
subject  components.  The  only  additional  testing  that  was  required  was  a 
slow  RPM  sweep  of  the  first  five  (5)  transmissions  checked.  The  purpose 
of  this  test  was  to  identify  transmission  housing  resonances. 

3. T-3-4  Test  Cell  Test  Plan  (Engine) 

The  engine  operating  conditions  which  are  tabulated  below  were  monitored 
during  test  cell  operation.  Tnese  conditions  are  needed  to  confirm  the 
normal  and  malfunction  signatures  of  the  engine  for  use  during  the  flight 
test  phase.  The  test  conditions  have  been  extracted  from  Chapter  11  of 
WR55-2840-113  and  the  appropriate  section  is  identified  with  each  condition. 
The  sequence  of  encounter  was  not  critical  for  AIDAPS.  The  time  at  condition 
as  presented  in  Chapter  11  was  adequate.  Additional  required  operation  for 


degraded  engine  components  is  specified  in  Table  3*1* 

Engine  Condition 

Section 

1. 

Start  Up 

11-38 

2. 

Ground  Idle 

11-39 

3. 

Military  Rated  Power 

11-54 

4. 

Flight  Autorotation 

11-51 

5. 

Ac  celerat ion/ De  celerat ion  Trans ients 

11-52 

5(a) 

Plight  Auto,  to  Military  Rated  and  Return 

11-52 

5(b)  Ground  Idle  to  Military  Rated  and  Return 
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I  f,.  3  -  T*  3  -  ^  continued 


I  Knglne  Condition 

Section 

f  6. 

75  Percent  Normal  Rated  Power 

H-53 

1  7‘ 

Normal  Rated  Power 

11-54 

j  8. 

t 

90  Percent  Normal  Rated  Power 

11-44  (Note  1) 

| 

Wave  Off  Test 

II-58  (Note  2) 

f  9(a) 

Military  to  90$  N^  and  Return 

11-58 

1  9(b) 

? 

Military  to  75$  and  Return 

11-58 

5' 

I  9(c) 

I 

Military  to  60$  and  Return 

11-58 

1  9(d) 

Military  to  55$  N,  and  Return 

11-58 

10. 

Shutdown 

H-59 

X  Note 

1:  ' 

A  specific  test  at  90  percent  cf  Normal  Rated  Power  is  not  defined  in 
Chapter  11.  However,  the  Vibration  Test  of  Section  11-44  is  conducted  at 
several  settings  of  and  speeds  which  should  cover  the  desired  operation. 
No  additional  tests  would  then  be  required  to  cover  this  condition. 

Note  2: 

The  Wave  Off  Tests  (Section  11-58)  are  presently  conducted  at  two 
levels  of  ambient  or  pressure.  The  AIDAPS  monitored  both  of  these 
pressures  initially  with  the  objective  of  eliminating  one  of  the  levels. 

3«7*4  Baseline  Establishments 

The  objective  during  baseline  testing  was  to  attempt  to  establish  base¬ 
lines  for  nominal  LRU’s  to  use  as  a  reference  to  distinguish  discrepant 
parts  from  nominal  or  good  parts. 


3-33 


HarnHton^^  _t.oUiia>7 

Standard  PU 


HSER  6080 
Volume  1 


3- 1'b  continued 

The  procedure  used  in  establishing  baselines  for  nominal  LRU’s  was  to 
gather  test  data  on  as  large  a  number  of  engines,  gear  boxes,  and  transmissions 
as  was  feasible  within  the  scope  of  the  program.  The  data  was  utilized  as 
follows : 


1.  To  determine  whether  normalized  baseline  data  or  customized  base¬ 


line  data  could  be  used  during  the  flight  test  program;  i.e.,  normalized 
data  being  an  average  band  of  values  for  each  parameter  obtained  from  testing 
a  large  sample  of  components  while  customized  data  is  the  data  taken  for 
each  parameter  from  testing  each  specific  component. 

2.  To  determine  the  nominal  spread  of  data  for  each  component;  i.e., 
engine,  transmission,  k2°  gear  box,  and  90°  gear  box. 

3.  To  determine  by  comparison  of  the  baseline  data  taken  in  the  Test 
Cell  and  baseline  data  taken  in  the  Flight  Test  Rtase  <•*  what  baseline  data 
to  use  in  a  deployable  system. 


3-3^ 
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ifyisa-  C  Tnstea 

■bass-  C  activity  c  insisted  primarily  of  flight  - .ardware  installation  on 
two  (2)  BH-1  aircraft-  5hi s  activity  extended  for  a  period  of  approx iaately 
esse  (l)  -noth.  All  hardware  that  coaid  be  prefabricated  was  fabricated  at 
BSD  (brackets,  fittings,  etc. )  prior  to  the  beginning  of  Tbase  r.  Since  no 
mocksip  of  the  liH-1  was  available,  a  large  portion  of  fabrication  was  ccamletefi 
at  ARAMSSC  (harness etc-)-  All  modifications  to  the  DE-1  aircraft  were 
asede  without  affecting  najcr  sub -assemblies. 

Sils  section  cf  the  report  outlines  details  of  sensor  and  equipment 
ics  tells  tier-  The  actual  installation  drawings  and  bracket  detail  drawings 
are  sot  included  due  to  the  quantity  of  drawings  involved.  However,  eference 
to  draw irg  numbers  for  each  sensor  and  equipment  installation  is  given  in 
■Sables  3.2,  3.3,  3.^,  3.5,  and  3-6  of  tius  rep  *t.  Srery  drawing  listed 
is  available  upon  specific  request.  Each  specific  sensor  installation  is 
identified  by  en  3S  item  number.  2ie  tables  listed  above  tabulate  all 
drawings  required  for  each  specific  BS  iteas  number. 

A  system  wiring  diagram  was  also  prepared  (Bef.  S2  75365,  Wiring  Diagram, 
System  dealing,  UH-i,  AHiftSS).  Shis  diagram  details  all  wire  routing  through¬ 
out  the  aircraft- 
Seasor  Installation 

The  sensors  that  are  mounted  throughout  the  aircraft  are  capers  ted  into 
fear  separate  groups-  Each  group  of  sensors  nas  separate  harnesses  which 
are  routed  along  exisaing  aircraft  wiring  bundles  where  possible-  She  fear 
group?  are  the  Tail  bean  Sensor  group,  the  Engine  Sensor  group  the  xrans- 
nissioa  and  hydraulics  Sensor  group,  and  the  Instmne:  rfer-el  Sensor  group- 


3-8. 1.1  'Pall  Boom  Sensor  Group 

The  Tail  Boom  Group  is  composed,  of  the  following  various  sensors  located 
Ln  the  42°  gear  box,  the  $0°  gear  box,  and  along  the  tail  rotor  drive  shaft. 
Installation  drawings  and  associated  detail  drawings  for-  each  sensor  are 
listed  in  Table  3*2  of  this  report. 


HS  Item  No. 

ftirameter 

Section 

5b 

#2  Sanger  Bearing  Vibration 

Tail  Rotor  Drive 
Shaft 

56 

#3  Sanger  Bearing  Vibration 

Tail  Rotor  Drive 
Shaft 

104 

#4  Hanger  Bearing  Vibration 

Tail  Rotor  Drive 
Shaft 

59 

Input  Quill  Vibration 

42°  Gear  Box 

6l 

Output  Quill  Vibration 

4 2°  Gear  Box 

58 

A  *p  Oil  Temperature 

42~  Gear  Box 

90 

Chip  Detector 

42°  Gear  Box 

64 

Input  Quill  Vibration 

90°  Gear  Box 

66 

Output  Quill  Violation 

90°  Gear  Box 

63 

A  T  Oil  Temperature 

90°  Gear  Box 

91 

Chip  Detector 

90°  Gear  Box 

Tie  Tail  Boon  Sensor  wiring  is  rooted  along  existing  wire  as  per  detail 

shewn  in  Graving  S£  79730-160-  The  direction  of  the  routing  is  as  follows: 

o  o 

Tie  VO  gear  box  wire  bundle  serges  with  the  k?  gear  box  wire  bundle 

end  the  combined  bundle  runs  along  the  right  hand  side  of  the  tail  boon 

picking  up  wiring  'r rsr  #3,  end  banger  bearings  along  the  way.  After 

passing  thf-  tell  boon  attach  bulkhead,  this  wire  bundle  runr  alcas;  the  right 
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'•J.fl. !..  I  continued 

::l«le  of  the  aircraft  and  merges  with  the  engine  harness  underneath  the  deck 
behind  the  right  side  of  the  rear  engine  firewall  bulkhead. 

3. 8-1. 2  Engine  Senror  Group 

The  Engine  Sensor  Group  is  composed  of  the  following  sensors  located  on 
the  engine  and  in  the  engine  compartment.  .  Installation  photographs  and 
associated  detail  drawings  for  each  sensor  are  listed  in  Table  3.3  of  this 
report. 


Item  Bo. 

Parameter 

Section 

1 

#2  Bearing  Oil  Scavenge  Pressure 

Engine 

2 

#2  Bearing  Oil  T  Temperature 

Engine 

3 

#2  Bearing  Chip  Detector 

Engine 

5 

Average  EGT 

Engine 

ON 

'(o' 

>U 

EGT  Pattern 

Engine 

9 

#3/4  Bearing  Oil  Scavenge  Pressure 

Engine 

10 

#3/4  Bearing  Oil  A  T  Temperature 

Engine 

11 

#3/4  Bearing  Chip  Detector 

Engine 

12 

Acc.  Gear  Box  Chip  Detector 

Engine 

13 

p3 

Engine 

14 

Engine 

15 

?1 

Engine 

16 

T1 

Engine 

17 

rzgi.ee 

iS 

*2 

Engine 

19 

HA 

Engine 
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HS  Item  Ho. 

fttraaeter 

Section 

20 

Wf 

Engine  Comp. 

21 

left  Riel  Boost  Pump  Plow  Switch 

Engine 

22 

Right  Fuel  Boost  Pump  Plow  Switch 

Engine 

23 

Fuel  Pressure 

Engine 

2k 

Eng.  Driven  Riel  Pump  Pressure  Switch 

Engine 

2  6 

Fuel  Filter  A  P  Switch 

Engine 

29 

Lab.  Oil  Temperature 

Engine 

30 

Tjub.  Oil  Pressure 

Engine 

31 

Oil  Filter  A  P 

Engine 

32 

Torque 

Engine 

3k 

Bleed  Band  Position 

Engine 

36 

Starting  Battery  Volts 

Engine 

37 

Engine  Ignition  Exciter 

Engine 

119 

IGV  Angie 

Engine 

120 

Inlet  Air  Filter  A  P  Switch 

Engine 

121 

Engine  Oil  Pressure  Switch 

Engine 

122 

FUei  Temperature 

Engine 

52 

#1  Hanger  Bearing 

Engine  Ccmp. 

k 

Combustion  Flange  Vibration 

Engine 

7 

fi/k  Bearing  Scavenge  Line  Vibration 

Engine 

8 

Inlet  Housing  Vibration 

Engine 
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J.fl.  1.2  coot 1 xvb'rf 

Jhc?  engine  virog  harness  was  pre-fabricated  and  ell  wires  terminated  at 
three  f  IrewaLl  connectors  which  were  mounted  on  the  lower  aft  firewall.  The 
wire  bundles  are  routed  from  the  firewall  to  a  compartment  underneath  the 
riglrshand  engine  maintenance  deck  via  a  6"  inspection  hole  located  in  the 
deck  Just  aft  of  the  lower  aft  firewall.  Beneath  the  maintenance  deck,  the 
three  engine  harness  wire  bundles  merge  with  the  tail  boom  harness  previously 
described,  and  then  the  combined  harness  continues  along  the  right  side  of 
the  oircraj*1-  following  the  heater  duct  under  the  right  engine  maintenance 
dork.  Entrance  to  the  cabin  area  is  made  via  the  heater  duct  near  A/C 
Station  #166  at  the  a . rcraft  floor  line.  This  heater  duct  is  no  longer  used 
on  the  UH-jV  aircraft. 

3. 8.x. 3  Transmission  and  Ifrdtaulics  Sensor  Group 

The  transmission  and  hydraulics  sensor  group  is  composed  of  the  following 
censors  located  in  the  transmission  compartment  and  behind  the  Station  #129 
bulkhead.  Installation  drawings  and  associated  detail  drawings  for  each  sensor 
are  listed  in  Table  3*‘--  of  this  report. 


Item  Ko. 

Barameter 

Section 

38 

Oil  Pressure  Switch 

Transmission 

39 

Oil  Pressure 

Transmission 

ho 

Oil  Temperature  Switch 

Transmission 

hi 

Oil  Temperature 

Transmission 

*3 

Oil  Sump  Chip  Detector 

Transmission 

51 

Sktemal  Oil  Filter  A  P 

Transmission 

101 

Oil  Cooler  KLcr- 

Transmission 
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.8,1.3  continued 


IIS  Item  No. 

Parameter 

Section 

102 

Main  Rotor  RPM 

Transmission 

103 

Internal  Oil  Filter  A  P 

Transmission 

45 

Input  Quill  Vibration 

Transmission 

47 

Upper  Mast  Vibration  (axial) 

Transmission 

49 

Tail  Rotor  Quill  Vibration  &  Sump 

Input  Quill  Roller  Bearing  Vibration 

Transmission 

123 

Upper  Mast  Vibration  (radial)  Vibration 

Transmission 

125 

Input  Quill  Gearmesh  Vibration 

Transmission 

128 

Offset  Accessory  Drive  Gearmesh  Vibration 

Transmission 

126 

Tail  Rotor  Quill  Gearmesh  Vibration 

Transmission 

127 

Upper  and  Lower  Sun  Gearmesh  Vibration 

Transmission 

129 

Uydratlic  Pump  &  Tach  Quill  Ball  Bearing 

Transmission 

69 

Pressure  Switch 

Jfydraulics 

70 

Supply  Pressure 

hydraulics 

71 

Supply  Temperature 

Itydraulics 

72 

Filter  A  P 

hydraulics 

107 

Pump  Case  leakage  Flow 

hydraulics 

108 

Pump  Case  leakage  Flow  A  T 

hydraulics 

The  transmission  harness  is  routed  along  existing  wire  bundles  and  clashed 


at  various  points  in  the  transmission  compertment  as  required.  The  hydraulics 
harness  is  routed  behind  the  panels  at  the  Station  #129  bulkhead  and  merges 
with  thp  transmission  harness  at  the  floor  line  of  the  Station  #129  bulkhead. 


Inis  harness  enters  the  cabin  area  via  an  existing  bulkhead  connector  opening 


Hamilton 

Standard 


orv WON  Q0  UMTTC0  AJ*C*A*T  COWOIATQN 


HSER  6080 
Volume  I 


3. 8. 1,3  continued 

at  the  floor  line  of  the  Station  #129  bulkhead.  There  are  existing  cutouts 
at  this  location  where  bulkhead  connectors  for  the  armament  system  are 
mounted. 

3-8. 1,4  Instrument  Panel  Sensor  Group 

The  Instrument  Panel  Sensor  Group  is  composed  of  the  following  sensors  located 
behind  the  instrument  panel  and  below  the  lefthand  control  stick.  Installation 
drawings  and  associated  detail  drawings  for  each  sensor  are  listed  in  Table 
3 - ‘3  of  this  report. 


HS  Item  Kb. 

Parameter 

Section 

77 

Total  Pressure 

Inst.  Panel 

78 

Static  Iressure 

Inst.  Panel 

37 

Overspeed  Governor  Switch 

Inst.  Panel 

109 

28  VDC  Essential  Buss 

Inst.  Panel 

no 

n5  VAC  Essential  Buss 

Inst.  Panel 

in 

2.0  VAC  Inst.  Buss 

Inst.  Panel 

112 

Ei/lo  REM  Warning  Light 

Lost.  Panel 

U3 

Hi/lo  KPM  Warning  Audio 

Inst.  Panel 

80 

Collective  Pitch  Stick  Position 

L.H.  Control  Stick 

The  instrument  panel  harness  is  routed  along  existing  wire  bundles 
behind  the  instrument  panel  and  runs  up  the  wire  bundle  between  the  left  and 
right  windshields  and  along  the  roof  between  the  overhead  consoles.  Wiring 
from  the  collective  pitch  synchro  mounted  under  the  lefthand  control  stick 
is  also  included  in  this  wire  handle.  The  vire  bundle  enters  xh£  cabin  area 
from  overhead  at  the  Station  #129  taOshead  and  is  routed  through  an  existing 
"of  opening  down  the  bulkhead  to  the  oeat  equipment  platform. 
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fabrication  of  Aircraft  Harness log 

Since  pre -fabrication  of  aircraft  wiring  harnesses  is  not  feasible  without 
the  aid  of  a  mockup,  all  UH-1  sensor  wiring  harnessing,  with  the  exception  of 
the  engine  harnesses,  was  fabricated  on  site.  Bxe  method  of  fabrication  was 
to  start  at  the  most  remote  individual  sensor  connector  in  a  sensor  group 
and  the  proceed  to  systematically  build  up  the  harness  by  merging  with  each 
sensor  in  the  sensor  group.  Eventually  all  sensor  wiring  terminated  in 
various  wire  bundles  at  three  locations  in  the  rear  of  the  aircraft  cabin; 
i.e.,  the  righthand  heater  duct  at  Station  #1 66,  at  bulkhead  connectors 
near  the  floor  line  in  the  center  of  the  aircraft  at  Station  #129  bulkhead, 
and  from  the  overhead  at  the  Station  #129  bulkhead.  All  harnessing  was 
tied  down  at  various  points  via  cable  clamps  and  nylon  cable  straps  as 
required  for  a  secure  installation.  Wherever  possible,  wires  were  routed 
along  existing  wire  bundles  as  shown  in  Drawing  SK  79730-160  (Aircraft  Wire 
Routing  Method). 

Electronic  and  Instrumentation  Equipment  Installation 

All  electronic  hardware  "black  boxes,"  vibration  instrumentation  equip¬ 
ment,  and  inverters  are  mounted  to  plywood  platforms  which  are  securely 
mounted  to  the  passenger  seats  at  the  rtar  of  the  cabin  composed  of  the 
five-man  seats  across  the  aircraft  at  Station  #129  and  both  two-man  seats 
on  the  left  and  right  side  of  the  transmission  compartment.  The  equipment 
layout  is  detailed  in  the  equipment  installation  drawing  SK  798? C-l.  The 
associated  detail  drawings  for  this  equipment  are  listed  in  Tfeble  3-6  of 
this  report.  All  wiring  from  the  aircraft  is  routed  along  the  transmission 
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{.8.1  conl.1 

bulkluvuiu  nl.  the  floor  line  under  the  seats  to  the  connectors  at  the  rear  of 
the  electronic  and  instrumentation  equipment.  Harnessing  that  interconnects 
the  electronic  equipment  and  vibration  instrumentation  equipment  was  pre -fabri¬ 
cated  at  Hamilton  Standard. 

3. 8. 3.1  Electronic  and  Instrumentation  Equipment  Power  Source 

5he  power  source  for  all  electronic  and  instrumentation  equipment  is  two 
inverters  mounted  as  shown  in  the  equipment  installation  drawing  SK  79850-1* 
D.C.  power  required  to  drive  the  inverters  is  obtained  directly  from  the 
non-essential  28  VDC  buss  in  the  left  aft  electrical  compartment.  The  two 
size  #8  wires  from  the  inverters  were  routed  through -the  heater  duct  near 
Station  #1 66  on  the  lefthand  side  of  the  aircraft  at  the  floor  line.  Prom 
this  point  the  wires  were  clamped  to  the  existing  wire  bundle  that  runs  to 
the  left  aft  electrical  compartment.  Termination  was  via  wire  terminals  at 
the  non-essential  28  VDC  buss.  Fifty  (50)  amp  capacity  circuit  breakers  were 
used  in  series  with  the  inverter  leads. 


3-8.4 


/stem  Checkout 


Upon  completion  of  the  sensor  installation,  equipment  installation,  and 
harnessing,  the  complete  system  was  continuity  inspected  and  a  comprehensive 
"power  on"  check  was  performed.  Sensor  inputs  were  simulated  to  complete  a 
system  dynamic  checkout. 

Prior  +0  ground  run-up,  a  representative  from  AVSCOM' .  inspected  the 
aircraft  for  compliance  with  flight  safety  requirements  and  adherence  to  the 
installation  plans  submitted  during  Phase  A  of  the  program.  Following  ground 
run-up,  the  aircraft  was  flight  tested  to  ensure  proper  performance  of  the 
entire  system  prior  to  data  gathering. 
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3.8.5 


Proof  of  Non-Interference  with  Existing  Aircraft  Systems 


The  method  used  to  eliminate  interference  problems  with  existing  aircraft 
systems  was  to  parallel  existing  aircraft  signals  at  their  source  rather  than 
splicing  in  at  aircraft  junction  boxes.  This  method  required  extensive 
cabling,  but  expedited  troubleshooting  of  the  system  when  it  became  necessary 
to  determine  whether  AIDAPS  equipment  or  existing  aircraft  hardware  and/or 
wiring  was  causing  a  particular  problem  because  a  "Y"  electrical  connection 
was  utilized  at  sensor  connectors  which  provided  a  means  to  disconnect  AIDAPS 
wiring  to  isolate  a  particular  problem. 

All  existing  sensor  outputs  used  by  the  AIDAPS  system  were  terminated  into 
impedances  above  the  minimum  impedance  levels  specified  by  Bell  Helicopter 
Company  in  order  to  maintain  accuracy  of  the  UH-1  Instrumentation.  This 
eliminated  the  possibility  of  electrically  loading  the  existing  aircraft 

1 

signals  that  were  also  utilized  by  the  AIDAPS  system.  During  the  checkout 
procedure,  all  existing  sensor  signal  outputs  that  were  paralleled  with 
AIDAPS  signal  Inputs  were  checked  for  non-interference.  This  was  accomplished 
by  disconnecting  the  AIDAPS  signal  lead  and  insuring  that  no  change  in  the 


existing  aircraft  signal  was  present. 
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Ihano  D  1teskr, 

Ihaso  D  activity  consisted  of  a  9-1/2.  month  long  flight  test  program 
utilizing  two  airborne  AIDAPS  systems  installed  in  two  UH-1  aircraft.  One 
aircraft  #17223  was  deployed  to  gather  trend  data  based  on  using  all  ori¬ 
ginal  "zero  time  after  overhaul"  parts.  This  aircraft  accumulated  a  total 
of  2k$  flight  hours.  Hie  other  aircraft,  #61011,  was  utilized  as  a  discre¬ 
pant  parts  test  aircraft  where  discrepant  parts  were  implanted  in  major  LRU'r 
(engines,  transmissions,  and  gearboxes)  and  the  aircraft  then  flown  with 
these  discrepant  LRU's.  Baseline  data  was  also  obtained  with  #61011  utilizing 
nominal  LRU's.  Originally,  the  flight  test  portion  of  the  program  (Phase  D) 
was  scheduled  to  be  completed  within  a  six  month  period.  However,  the  scope 
of  the  program  was  enlarged  to  include  flying  discrepant  parts  and  gathering 
additional  baseline  data  on  six  additional  sets  of  LRU's.  This  addition  to 
the  program  extended  Phase  D  from  a  completion  date  of  June  30,  1971  to 
October  12,  1971* 

Verification  Testing  was  also  completed  during  this  phase  of  the  Test 
Bed  Program  during  which  unknown  discrepant  parts  were  implanted  in  various 
LRU's  installed  in  either  aircraft  and  then  test  flown.  The  results  of 
these  verification  tests  are  discussed  in  Section  7*0  of  this  report.  The 
airborne  software  was  constantly  being  refined,  as  required,  as  the  Flight 
Test  Program  progressed. 

At  the  completion  of  Verification  Tests,  AIDAPS  hardware  was  entirely 
removed  from  aircraft  #17223  and  the  aircraft  restored  to  its  original 
condition.  The  remaining  baseline  testing  was  accomplished  using  six  sets 
of  LRU's  on  aircraft  #61011. 

3-**“ 
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3.9-1  Fhase  D  Flight  Test  Procedures 

Certain  procedures  and  specific  flight  profiles  were  followed  during 
the  Flight  Test  Program  involving  the  nominal  and  discrepant  LRU's  that  were 
flown  in  aircraft  #61011.  These  procedures  were  also  followed  for  data  that 
was  obtained  on  the  trend  aircraft  #17223.  The  following  paragraphs  detail 
the  procedures  and  flight  profiles  used  during  Phase  D  of  the  Test  Bed  Program. 
3-9-1-1  Flight  Procedures  and  Debriefing 
•i.  9. 1.1.1  Pre  flight 

The  following  outline  was  incorporated  as  part  of  the  standard  preflight 
procedure; 

1.  Verify  that  sufficient  magnetic  tape  is  available  in  the  analog 
and  digital  recorders. 

2.  Turn  on  system  electrical  power. 

3.  Confirm  status  of  diagnostic  program. 

4.  Enter  aircraft  and  documentary  identification  information. 

5.  Clear  MAAP. 

6.  Log  counter  numbers. 

7-  Put  AIDAPS  in  "Standby.  " 

8.  After  engine  start-up,  monitor  parameters  specified  on  Flight  Log 
Sheets  using  Data  Entry  Panel. 

Note;  Periodically  perform  complete  AIDAPS  check  using  sensor  simulator, 
manual  insertion  panel,  etc. 

1.9.1. 1.2  During  Flight  (A/C  §17223  only) 

1.  Encounter  conditions  specified  in  Flight  Profile  (see  Section  5-2.6). 

2.  Maintain  condition  then  depress  "EVENT"  button. 
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3. 9. J. 1.2  continued 

3*  Dopreus  "EVENT"  button  just  prior  to  a  translation. 

4.  Depress  "EVENT"  button  whenever  a  special  event  occurs  which  may  be 
of  interest, 

5*  Record  reason  for  "EVENT"  indication  on  Plight  Log  Sheet  and  whether 
event  did  actually  occur. 

3. 9. 1.1. 3  Post-Flight 

1.  Record  status  of  MAAP  indicators. 

2.  Record  status  of  mechanical  counters. 

3.  Remove  magnetic  tapes  and  mark  reel  for  identification. 

4.  Turn  off  power. 

5.  Obtain  copy  of  Plight  log  Sheets. 

6.  Review  flight  with  crew  for  indication  of  special  events. 

3- 9.1.2  Plight  Profile 

The  flight  profile  used  during  Phase  D  of  the  Test  Bed  Program  is  explained 
in  detail  in  Section  5*2.6  of  this  report. 

3.9.2  Baseline  and  Known  Discrepant  Barts  Testing 

The  Baseline  and  Known  Discrepant  Barts  Testing  accomplished  during 
Ihase  D  was  conducted  according  to  the  sequence  outline  in  Table  3*7*  The 
policy  followed  during  discrepant  parts  testing  was  to  fly  discrepant  engines 
and  42°  or  90°  gearboxes  together  with  a  good  transmission.  Discrepant  trans¬ 
missions  were  flown  with  good  engines  and  gearboxes.  This  policy  minimized 
the  danger  of  multiple  failures  during  flight. 

Four  sets  of  LRU's  were  simultaneously  utilized  in  groups  of  two  to 
obtain  the  discrepant  part  test  data  listed  in  Table  3*7*  Discrepant  parts 
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listed  in  Table  3.7  were  implanted  In  two  sets  of  IRU's  while  the  other  group 
of  two  sets  /as  being  test  flown  with  discrepant  parts  already  installed. 

The  two  (2)  just  built-up  sets  of  LRU’s  were  run  through  the  test  cells  and 
then  installed  on  the  aircraft  assigned  for  discrepant  part  testing  for  each 
vendor.  While  these  aircraft  were  being  flown  by  each  vendor,  the  two  other 
sets  of  LRU's  removed  from  the  aircraft  were  being  built-up  in  various  assembly 
shops.  In  this  way  four  sets  of  LRU's  each  having  different  discrepant  part 
combinations  were  continually  cycled  between  the  two  vendor  aircraft  and  the 
assembly  shops.  These  four  sets  of  LRU’s  were  finally  re-assembled  into 
their  original  configuration  and  flown  to  obtain  baseline  data. 

Unknown  Discrepant  Barts  Testing  (Verification  Testing) 

Verification  Testing  was  conducted  following  the  completion  of  the  base¬ 
line  and  known  discrepant  parts  testing  discussed  in  the  previous  section. 
Unknown  discrepant  parts  were  implantec.  series  of  six  sets  of  LRU's 
(engines,  transmission  parts,  42°  gearbox  and  90°  gearbox)  in  a  sequence 
that  provided  for  both  vendors  to  alternately  obtain  data  and  allowed  for 
build-up  time  in  the  various  assembly  shops.  Following  the  test  flights  with 
all  six  sets  of  LRU's,  the  LRU's  were  re-assembled  to  their  original  confi¬ 
guration  and  all  six  sets  flown  to  obtain  baseline  data.  Hie  completion  of 
baseline  testing  on  these  six  sets  of  LRU's  marked  the  conclusion  of  Phase 
D  of  the  Test  Bed  Program. 

A  complete  discussion  of  the  discrepant  parts  found  during  Verification 
Testing  is  covered  in  detail  in  Section  7.0  of  this  report. 
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3. 9.1  Baseline  Establishments  1 

Baseline  data  was  thus  gathered  on  a  total  of  ten  sets  of  LRU’s 
during  the  flight  Test  Phase  of  the  Test  Bed  Program  to  determine  the  ' 
nominal  spread  of  data  for  each  subject  LRU:  engine,  transmission,  42°  gear¬ 
box,  and  90°  gearbox.  This  data  was  compared  to  the  baseline  data  that  was  1 

’  .  1  '« 

gathered  during  the  test  cell  runs  (Phase  B)  to  'determine  what  baseline 
data  to  use  in  a  deployable  system. 

1  I  '  .  '  ; 

It  was  determined  that  ‘th£’  baseiine  data  gathered  during  flight  testing' 
did  differ  from  test  cell  baseline  data,  especially  in  the  area  of  vibration 

'  4 

recording.  The  discussion  of  the  differences  are  discussed  in  dptail  in 
Sections  5*0  and  6.0  of  this  report. 

It  should  be  noted  that  the  main  transmission  assembly  was  not  changed 
during  baseline  data  flights.  The  original  transmission  was  used  and, different 

nominal  sub -assemblies  selected  from  among  the  min  mast  bearing,  input  quill, 

1 

and  output  tail  rotor  quill  were  installed  for  each  one  of  the  ten  baseline 
flights . 
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AIRBORNE  HARDWARE 

Airborne  Electronics  Block  Diagram 

A  block  diagram  of  the  Airborne  Electronics  is  shewn  in  Figure  4-1,  and 
a  corresponding  photo  of  the  electronic  packages  is  shown  in  Figure  4-2. 

Figure  4-1  indicat  j  communication  paths  among  each  of  the  electronics  packages. 
The  descriptions  and  functions  of  the  packages  are  detailed  in  the  following 
paragraphs . 

Main  and  Auxiliary  Electronic  Unit 

A  block  diagram  of  the  electronics  is  shown  in  Figure  4-3.  In  keeping 
with  the  objective  of  "off-the-shelf"  hardware,  a  second  or  auxiliary 
package  (Figure  4-4  and  4-5)  was  used  to  house  additional  electronics 
involved  in  the  revision  of  an  existing  Main  Electronics  Unit  (MEU)(Figure 
4-6).  Therefore,  discussion  of  the  electronics  inherently  involves  both 
the  Main  and  Auxiliary  packages.  The  physical  size  of  each  package  is  the 
same:  1  ATR  long,  ARINC  404,  including  Supplement  #2. 

Input  signals  are  broken  into  three  basic  types;  Discretes  (t.-e.,  the 
on-off  position  of  a  switch);  Analog  (i.e.,  a  voltage  level  either  AC  or  DC); 
and  Vibration  (i.e.,  a  combination  of  many  frequencies  of  alternating  voltages). 
The  vibration  portion  will  be  handled  separately  in  Paragraph  4.7.  Discretes, 
being  digital  in  nature  (i.e.,  a  bi-level  DC  voltage)  need  only  be  interfaced 
to  proper  voltage  levels  before  being  inputted  into  the  computer.  The  analog 
signals,  having  similarity,  are  broken  down  into  five  input  groups  based  on 
similarity. 

1.  AC  Voltage  Ratio 

2.  DC  Differential  Voltage 
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3.  Synchro  Voltage 

4.  Thermocouple  Voltage 

5.  Plows  or  Speed  Frequencies 

As  shown  in  Figure  4-3>  multiplexing  techniques  are  used  which  enable 
all  the  signals  of  one  type  to  be  switched  through  the  same  signal  conditioner 
at  a  different  point  in  time  (time-sharing).  UMs  addressing  by  the  digital 
processor  to  the  electronic  switches  is  broken  into  a  basic  t'ming  pulse  of 
10  milliseconds  for  a  capability  of  200  switch  closures  in  a  two-second 
frame,  after  which  the  process  starts  over  again. 

The  function  of  the  signal  conditioners  is  to  receive  a  signal  correspond¬ 
ing  to  the  five  different  types  of  inputs  and  convert  it  into  a  standard  vol¬ 
tage  level  over  the  range  of  -5  to  +5  volts  DC.  Hence,  all  analog  signals 
appear  as  a  DC  level  at  the  output  of  the  signal  conditioners.  These  so-called 
"time-shared"  signals  are  then  switched  through  the  analog  to  digital  conver¬ 
ters  which  convert  a  DC  voltage  to  a  group  of  coded  pulses  that  is  inputted 
into  the  digital  processor.  The  digital  processor  also  controls  the  output 
interfaces  which  go  to  the  Data  Entry  Panel,  the  Maintenance  Action  Annuncia¬ 
tor  Panel,  and  the  Digital  Recorder.  The  following  paragraphs  details  each 
one  of  these  units. 

Data  Entry  Panel  (PEP) 

A  photograph  of  the  Data  Entry  Panel  is  shown  in  Figure  4-7.  It  is 
approximately  4"  x5"x?''  (LxWxH)  and  was  an  "off-the-shelf"  unit.  It 
was  designed  in  conjunction  with  the  Jfein  Electronics  Unit  to  provide  manual 
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~r--'-ol  over  .1;'-  ii£.vu *.l  hw^.  c--5  iV'jtaJ.  recorder.  Controls  available 

are  a  function  oi  tne  ^j±  •  .^.x  ;  '  4  r.r.c*  ftgrkjx  piocer-eo. .  i.?u~ 

basically  involve  recording  data  at  different  rates  ana  writing  pertinent 
information  on  tape  using  the  ten  numerical  pushbuttons.  The  pushbuttons 
can  also  be  used  to  call  up  on  the  eight  digit  display,  any  parameter  or  sen¬ 
sor  signal  the  operator  may  want  to  observe.  This  capability  was  used  for 
on-the-spot  engineering  information  without  having  to  wait  for  the  data  to 
be  processed  from  the  tape.  The  HEP  was  thus  a  valuable  engineering  tool 
during  the  Flight  Test  Program. 

Maintenance  Action  Annunciator  Panel  (MAAP) 

A  photograph  of  the  MAAP  is  shown  in  Figure  4-8.  It  consists  of  64  BITE 
(Built-In-Test-Equipment)  indicators  that  are  electromechanical  devices  having 
a  black  ball  which  rotates  into  a  locked  position  and  indicates  white  when 
triggered  by  digital  processor  in  the  Main  Electronics  Unit.  In  this  way, 
a  permanent  record  was  made  (until  manually  reset)  of  a  malfunction  or  of 
an  aircraft  parameter  when  it  exceeded  prescribed  limits  as  determined  by  the 
digital  processor  from  the  sensor  signals  inputs.  A  crewman  can  then  refer 
the  BITE  number  to  a  diagnostic  message  and  perform  indicated  inspection 
procedure  or  maintenance  action  as  designated  by  the  message. 

Counters  are  also  contained  in  the  MAP  which  were  used  to  register  the 
number  of  data  frames  recorded  by  the  Digital  Recorder  and  number  of  seconds 
in  flight.  This  MAAP  was  designed  as  a  ’*brassboard"  unit  specifically  for 
the  Test  Bed  Program,  and  a  final  configuration  would  be  considerably  smaller 


in  physical  size. 


Hamilton  U 

QWIOW  »  tINTIP  *»C»*I»T  COUWniN 

f'iandard 


>*«. 


USER  6030 

Volume  I 


Digital  Recorder 

^holographs  of  the  Digital  Recorder  are  s\.own  in  Figures  4-9  and  4-10. 
It  is  an  bff -the -shelf"  item  that  ^aysically  is  1  ATR  long,  ARIA'S  404, 
Including  Supplement  $2.  Contained  in  the  unit  is  a  seven  track  digital 
*'•'  re^  i _ -  a  power  ;"w  '*&.  '-'rates  from  the  b  VAC  4 00  Hz 


source.  The  __  stained  in  a  reau^  •"> . fble  c""-  ■  .  ;;^V' 

on  top  of  the  recorder.  This  tape  system  is  compatible  with  the  IBM  system 
370  that  was  used  to  analyze  the  data  au  Hamilton  Standard. 


Maintainability 

The  AIDAPS  system,  utilizing  its  on-board  processor,  has  the  built-in 
capability  of  checking  its  own  internal  operation  for  such  things  as  limit 
errors  in  drifts  of  amplifiers  and  signal  conditioners,  as  well  as  giving 
immediate  indication  of  an  abnormal  exceedance  in  limits  of  any  sensor 
signal.  This  communication  is  accomplished  with  indicators  on  the  Data 
Entry  Rinelj  and,  by  pushing  the  proper  button,  the  display  can  show  what 
has  exceeded  specification  either  internally  or  externally  to  the  electronic 
system. 

Vibration  Equipment 

As  shown  in  Figure  4-1,  the  vibration  recording  hardware  was  not  integral 
with  the  basic  AIDAPS.  For  the  purposes  of  the  Test  Bed  Program  only,  conven¬ 
tional  analog  vibration  monitoring  and  recording  equipment  was  assembled  and 
mounted  for  temporary  airborne  use.  This  instrumentation  is  fully  described 
in  Section  6.4.1. 
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Hardware  and  Sensor  Installation  Ihotos 

Several  photos  of  the  AX15PYS  hardware  and  sensor  installation?.,  '*»:■?<? 
during  the  test  cell  and  flight  test  phases.  These  photos  follow  to  illus¬ 
trate  a  sample  of  the  hardware  used  during  the  program  and  the  method  of 
installation. 

"  A  ***-  gearbox  and  a  90°  gearbox  being  monitored  in  the  test 

e?  APATVAC 

Figure  4-li:  -  A  ore  ■**  •  ‘  .  1  tor?"  i*1  ■■>'<=>  t.&p. cells  at 

ARADMAC. 


Figure  4-13  -  Temporary  vibration  recording  equipment  used  during  the 
test  in  sill  phases. 

Figure  4-14  -  Engine  being  monitored  in  the  test  cells  at  ARADMAC. 

i 

Figure  4-15  -  Quick  change  engine  harnessing  used  in  the  test  cell  at 
ARADMAC. 

Figure  4-16  -  Manifold  in  series  with  oil  _>  u.v&nge  lines.  Used  to  moni¬ 
tor  #2/#3,  4  bearing  oil  £  £,  A  P  and  chip  detection. 

Figure  ^ -17  -  Transmission  oil  cooler  flow  meter  installation  on  the 
Ufl-IH  aircraft. 

Figure  4-lB  -  Fuel  flow  and  temperature  sensor  installation  on  the 
UH-1H  aircraft. 

Figure  4-19  -  Aircraft  installation  of  the  IGV  synchro  for  the  113 
engine. 

Figure  4-20  -  Ifydraulic  filter  A  P  installation  on  the  UH-1H  aircraft. 

Figure  4-21  -  Bleed  band  switch  on  L13  engine. 
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g^ure  4~£S  -  Collective  pitch  synchro  installation  cz  Tl-lil  nl.-C’-i* 
-  Itydraulic  bypass  ,AP  and  flowmeter  ?t>4te.:Jatt.^  oi; 


UIKlH  aircraft,. 

Figure  -  Aircraft  installation  of  the  delta  cemyer>vcure  for  ■•he 


90°  gearbox. 
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ij.  ,  <■/  Aircraft  Parameters  Monitored 

This  section  will  discuss  the  actual  parameters  monitored.  The  sensors 
respectively  used  to  monitor  the  subject  parameters  are  discussed  in  Section 
4.10  of  this  report, 
v.  v>.  /  Power  Plant  Parameters 

The  engine  parameters  monitored  are  discussed  in  this  section.  Refer 
to  Figures  4-25  and  4-26  for  engine  station  diagram  and  location  of  the  para¬ 
meters  monitored, 

•A?././  Compressor  Inlet  Total  Temperature  and  Total  Pressure  (Ttl  andptl) 

These  are  two  of  the  most  important  parameters  that  were  measured.  The 
range  of  values  of  these  parameters  form  the  boundary  condition  for  the  eval¬ 
uation  of  the  engine  thermo-dynamic  model.  They  provide  the  basis  for  evalu¬ 
ation  of  engine  performance  and  are  commonly  known  as  the  "face"  of  the  engines. 
All  cf  the  thermodynamic  performance  parameters  in  the  gas  flow  path  are 
related  to  and  influenced  by  the  values  of  the  compressor  inlet  parameters, 
y.  9. £  Compressor  Discharge  Total  Temperature  (^t3) 

The  compressor  discharge  total  temperature  is  one  of  the  variables  used  in 
calculations  of  the  thermodynamic  model.  It  is  a  factor  in  the  evaluation 
of  compressor  efficiency  and  the  gas  producer  turbine  inlet  temperature. 

4.'A/,3  Compressor  Discharge  Pressure  (p3) 

The  compressor  discharge  pressure  is  also  measured  because  it  is  one  of 
the  variables  used  in  calculations  of  the  thermodynamic  model.  It  is  a  factor 
in  the  evaluation  of  compressor  efficiency  and  the  gas  producer  turbine  inlet 
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4. 9. 3.4  (i»r.  Producer  Speed  (Wp) 


The  rotational  speed  of  the  gas  producer  is  fundamental  to  engine  per¬ 
formance  calculations.  The  referred  value  of  the  gas  producer  speed  is  used 
in  several  calculations  such  ac  high-low  limit,  malfunction  detection  and 
diagnosis,  and  trend  analysis- 
4.9.1. 5  Power  Turbine  Speed  (%?) 

Power  turbine  speed  is  fundamental  to  engine  power  output.  When  con¬ 
sidered  along  with  power  lever  angle,  fuel  flow  rate,  and  torque-meter  pressure, 
the  performance  with  respect  to  shaft  power  output  can  be  evaluated.  The 
power  output  or  change  in  power  output,  when  considered  along  with  changes  in 
other  parameters,  forms  the  basis  for  malfunction  detection  and  diagnosis. 
4.9.1.(>  Fuel  Flow  Rate  (wf) 

Fuel  flow  rate  is  fundamental  to  the  evaluation  of  the  engine  thermo¬ 
dynamic  model.  For  every  power  settting  and  set  of  environmental  conditions, 
there  exists  a  proper  fuel  consumption  rate.  Almost  all  efficiency  changes  in 
the  engine  components  cause  resulting  changes  in  fuel  consumption.  Therefore, 
changes  in  fuel  flow,  when  compared  to  or  plotted  against  other  parameters, 
indicate  the  area  of  degradation. 

4.9.1. 7  Fuel  Temperature 

Fuel  temperature  is  measured  along  with  fuel  flow  rate  in  order  to 
determine  the  density  of  the  fuel.  The  density  of  fuel  is  used  to  calculate 
mass  rate  of  flow  which  is  the  parameter  that  is  most  useful. 
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4. 9.1. ft  Engine  Driven  Fuel  Pump  Pressure  Switch 

A  pressure  switch  is  used  to  measure  the  engine  driven  fuel  pump 
pressure  in  the  fuel  control.  When  the  output  pressure  drops  below  a  pre¬ 
determined  value,  it  is  an  indication  of  a  discrepant  fuel  pump,  which 
would  result  in  a  fuel  control  change. 

1|  .9.1.9  Fuel  Filter  ^  P  Switch 

A  A  P  switch  is  placed  across  the  fuel  filter  in  the  fuel  control  for  the 
purpose  of  determining  if  the  fuel  filter  is  clogged.  This  switch  is  used  to 
display  a  diagnostic  message  "clean  fuel  filter"  before  the  differential 
pressure  reaches  a  dangerous  level. 

4.9.1.10  Exhaust  Gas  Total  Temperature  (EOT)  (^t9) 

Exhaust  gas  total  temperature  gives  an  indication  of  the  energy  level  of 
the  gases  through  the  turbines.  It  must  be  examined  for  a  high  limit  value  to 
prevent  over  temperature  operation.  It  is  used  in  the  thermodynamic  model  as 
a  dependent  variable  to  establish  component  performance  coefficients.  Both 
individual  thermocouple  readings  and  an  average  reading  of  all  thermocouples 
in  the  harness  were  monitored  in  order  to  locate  hot  spots  in  the  engine. 

4.9.1.11  Power  Lever  Angle  (PLA) 

The  power  lever  angle  is  important  as  a  means  of  correlating  a  standard 
performance  level  with  that  actually  obtained  from  the  engine.  The  power  lever 
angle  is  the  ind.cator  for  basic  power  setting.  When  related  to  engine  pressure 
ratio,  fuel  flow  and  engine  rotor  speeds,  the  existence  (or  non-existence)  of 
a  proper  correlation  is  indicated.  The  high-low  checks  or  any  other  check 
are  valid  only  if  predetermined  power  settings  are  established. 
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4.0.1. IP  Inlet  Guide  Vines  (IGV) 

The  inlet  guide  vanes  position  was  also  used  to  correlate  a  standard 
performance  level  with  that  actually  obtained  from  the  engine.  The 
measurement  of  inlet  guide  vane  position  was  used  to  clarify  the  results  of 
the  gas  path  analysis  performed  on  the  engine. 

if./-/,  /,  /jj  Compressor  Interstage  Bleed  Band  Position 

The  compressor  bleed  band  bleeds  air  from  the  final  stage  of  the  axial 
flow  compressor  section  and  is  automatically  controlled.  It  is  normally  open 
during  engine  operation  below  70 %  of  N]_  speed  or  during  engine  acceleration. 
The  position  of  this  valve  (actuator)  was  monitored  to  determine  proper  bleed 
band  operation. 

4.9.1.14  Torquemeter  Differential  Pressure 

The  torquemeter  operates  to  provide  a  differential  oil  pressure  which  is 
proportional  to  the  torque  applied  to  the  power  turbine  reduction  gearing.  A 
torque  value  is  obtainable  from  this  differential  pressure.  Prom  the  torque 
pressure  and  the  speed  of  the  power  turbine,  the  horsepower  developed  can  be 
determined.  This  is  a  most  desirable  factor  for  the  engine  thermodynamic 
model  evaluation. 

4. 9. 1.1*3  Engine  Ignition  Exciter  Voltage 

The  engine  ignition  exciter  voltage  was  monitored  as  a  discrete  signal 
to  fault  isolate  problems  in  the  engine  ignition  system. 

4.9.1.16  Engine  Oil  Temperature 

Oil  temperature  provides  information  which  relates  to  incipient  bearing 
failure  including  knowledge  of  heat  added  by  malfunctioning  components.  Oil 
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4. 9.1.16  Continued 

temperature  will  provide  information  regarding  mechanical  friction  increases 
which  is  pertinent  to  trend  analysis. 

4. ‘>.1.17  #2/#3,  #4  Bearing  Oil  A  T 

As  indicated  above,  oil  temperature  can  provide  valid  data  of  incipient 
malfunction.  To  obtain  a  valid  diagnostic  tool  from  oil  temperature,  use  is 
made  of  the  oil  temperature  out  as  related  to  oil  temperature  in  would  be  the 
two  parameters  which  measure  the  increase  in  frictional  loads.  This  measure¬ 
ment  was  made  by  measuring  oil  temperature  into  the  bearings  and  measuring  oil 
temperature  at  #2  and  #3/4  scavenge  lines. 

4.9.1.18  Oil  Pressure 

Proper  oil  pressure  is  essential  to  proper  engine  lubrication  and  cooling. 
The  oil  pressure  should  be  examined  for  a  high  or  low  value  to  detect  clogging 
or  leaking.  When  recorded  over  a  period  of  time,  it  can  give  indications  of 
lubrication  system  component  degradation.  An  engine  oil  pressure  transducer 
was  utilized  along  with  an  engine  oil  pressure  switch  to  respectively  measure 
system  oil  pressure  for  trending  purposes  and  to  provide  a  discrete  signal  for 
warning  of  a  "below  minimum"  value  of  oil  pressure.  Pressure  switches  are  also 
incorporated  in  the  #2  and  #3/4  bearing  oil  scavenge  lines  to  determine  if 
leakage  is  present  at  the  bearing  seals. 

4.9.1.19  Chin  Detectors 

The  T53  engine  as  installed  in  the  UH-1H  is  equipped  with  a  chip  detector 
located  in  the  accessory  case  sump.  While  such  a  detector  can  indicate  the 
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4.9.1.19  Continued 

accumulation  of  chips,  it  does  not  locate  the  source.  To  segregate  the  sources, 
the  installation  of  two  additional  chip  detectors  in  the  #2  and  #3/4  bearing 
oil  scavenge  lines  was  accomplished.  As  shown  in  Figure  4-26  Chip  Detector  #1 
(CD#l)  collects  chips  from  the  forward  components.  (Cb#2)  was  located  in  the 
external  oil  scavenge  line  leading  from  the  number  two  bearing.  (CD#3)  was 
located  in  the  external  oil  scavenge  line  leading  from  the  power  turbine 
bearings.  A  signal  from  any  one  of  these  chip  detectors  would  indicate  com¬ 
ponent  degradation,  be  considered  a  "no-go"  condition,  and  locate  the  area  of 
difficulty. 

4.9.1.20  Oil  Filter  Differential  Pressure 

The  pressure  drop  across  the  oil  filter  was  examined  for  a  high-low  limit. 

A  high  value  indicates  a  dirty  filter  for  which  the  system  will  initiate 
maintenance  instructions. 

4.9.?  Transmission  Parameters 

The  transmission  parameters  monitored  are  discussed  in  this  section.  Refer 
to  Figure  4  -27  for  location  of  parameters  monitored. 

4. 9. 2.1  Oil  Temperature 

An  increase  in  oil  temperatures  will  discern  mechanical  friction  increases 
occurring  in  the  transmission  and  thus  provide  valuable  data  as  to  incipient 
malfunction  and  prediction  of  on-condition  removal  as  well  as  identify  degrada¬ 
tion  of  the  oil  pump  and  cooling  system.  An  oil  temperature  transducer  and  an 
oil  temperature  switch  has  been  provided  for  this  purpose. 
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4.*). 2.2  Oil  Pressure 

Oil  pressure  should  remain  constant  for  the  life  of  the  transmission. 
Decrease  in  pressure  could  mean  seal  leakage  or  clogged  filter;  low  pressure 
and  high  temperature  would  mean  insufficient  oil;  increase  in  pressure  and 
temperature  could  mean  malfunctioning  of  the  oil  pump  or  the  cooling  system. 
These  signals  are  oriented  towards  preventive  maintenance  action  at  the  first 
maintenance  echelon.  An  oil  pressure  transducer  and  an  oil  pressure  switch 
was  provided  for  this  purpose. 

4. 9.2. 3  Filter  Pressure  Differential 

Hie  pressure  drop  across  the  oil  filter  was  examined  for  a  high  limit  as 
in  the  case  of  the  engine  oil  filter*  A  high  value  indicates  e  dirty  filter 
for  which  the  system  will  initiate  maintenance  instructions. 

The  two  filters  that  are  monitored  by  Ap  transducers  on  the  UH-1  trans¬ 
mission  are  the  internal  oil  filter  and  the  external  oil  filter. 

4. 9. 2.4  Chip  Detector 

Suspension  of  significant  foreign  matter  in  the  transmission  lubrication 
system  can  cause  catastrophic  malfunction.  When  It  Is  detected,  an  examination 
of  the  oil  and  identification  of  the  source  of  the  "chip"  ?s  mandatory  so  that 
the  responsible  unit,  if  any,  may  be  removed  and  replaced. 

4. 9. 2. 5  Oil  Cooler  Flow 

Knowing  the  condition  of  the  transmission  at  all  times  is  important  to  safe 
helicopter  operation.  Hie  condition  of  the  iubrication  system  is  a  basic  indi¬ 
cator  of  transmission  health,  so  that  important  indicator  and  knowing  the 
reason  for  an  increase  in  oil  temperature  can  determine  if  a  major  or  minor 
malfunction  may  be  developing  in  the  transmission. 
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4.9. 2. continued 

A  flowmeter  has  been  installed  between  the  thermal  control  valve  and  the 
oil  cooler  to  determine  the  amount  of  oil  flow  through the  cooler  at  any  time. 

This  parameter  when  compared  with  oil  temperature  can  isolate  problems  in  the 
oil  cooling  system;  i.e.,  high  oil  temperature  and  high  oil  cooler  flow  can 
mean  an  inefficient  oil  cooling  system  or  excessive  friction  in  the  transmission. 
If  the  accumulated  time  between  oil  cnanges  is  large,  the  problem  is  probably 
an  inefficient  oil  cooling  system,  clogged  oil  cooler,  etc.  If  the  accumulated 
time  is  low,  an  excessive  friction  problem  may  be  present.  A  high  oil  tempera¬ 
ture  and  a  low  oil  flow  can  mean  a  defective  thermal  control'  valve.  A  low 
oil  temperature  and  a  high  oil  cooler  flow  can  also  mean  a  defective  thermal 
control  valve. 

4.9.2 .6  Main  Rotor  RPM 

Main  rotor  RPM  is  monitored  to  determine  if  the  rotor  is  in  an  underspeed 
or  an  overspeed  condition.  Rotor  speed  is  also  compared  to  the  audio  and  visual 
rotor  speed  warning  system  signals  to  differentiate  between  rotor  speed  warning 
system  problems  and  actual  rotor  speed  problems. 

4.9*3  Gearbox  Parameters 

Both  42°  and  90°  gearbox  parameters  are  discussed  in  this  section  and 
their  locations  are  shown  in  Figures  4-28  and  4-29,  respectively.  Parameters 
for  42°  gearbox  and  90°  gearbox  are  identical. 

4.9. 3.1  Oil  Temperature  AT 

The  difference  between  the  outside  air  temperature  in  the  vicinity  of  the 
gearbox  and  the  actual  gearbox  oil  temperature  is  monitored  using  two  thermo¬ 
couples.  The  temperature  rise  in  the  gearbox  oil  is  important  in  determining 
if  excessive  friction  exists  either  in  the  42°  or  90°  gearbox. 
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4. 9-3*2  Chip  Detector 

A  chip  detector  is  used  in  both  the  42°  and  90°  gearboxes  to  detect  if 
metal  chips  are  present  in  the  gearbox,  thereby  providing  a  warning  of  an 
incipient  gearbox  failure. 

4.9*4  Hydraulic  System  Parameters 

4. 9. 4.1  Hydraulic  Supply  Pressure 

Hydraulic  system  pressure  is  monitored  to  determine  the  condition  of  the 
hydraulic  system  during  flight.  A  hydraulic  pressure  transducer  and  the 
existing  hydraulic  low  pressure  switch  was  utilized  for  this  purpose.  A  low 
pressure  indication  (say,  under  500  psi)  indicates  a  loss  in  hydraulic  system 
pressure;  i.e.,  a  defective  hydraulic  pump  or  loss  of  fluid.  A  high  pressure 
indication  (say,  exceeding  1150  psi)  indicates  a  hydraulic  pump  failure  with 
the  relief  valve  maintaining  maximum  hydraulic  pressure  at  1150  psi;  i.e.,  a 
failure  of  the  pressure  regulator  which  is  an  integral  part  of  the  hydraulic 
pump. 

4. 9. 4. 2  Hydraulic  Pump  Bypass  Flow  and  A  T 

Ihe  pump  by-pass  flow  back  to  the  hydraulic  reservoir  is  the  leakage  flow 
from  the  pressure  regulating  portion  of  the  hydraulic  pump.  This  flow  gradually 
increases  as  the  accumulated  time  on  the  pump  increases.  If  this  by-pass  flow 
and  by-pass  temperature  (i.e.,  difference  between  hydraulic  oil  temperature  in 
the  pressure  manifold  and  hydraulic  oil  temperature  iu  the  by-pass  line)  is 
monitored,  the  condition  of  the  hydraulic  pump  is  known  at  any  time.  Also, 
by  accumulating  trend  data  of  these  parameters,  the  expected  life  of  the 
hydraulic  pump  can  be  predicted.  Further,  an  excessive  increase  in  hydraulic 


4. 9-4.2  cootlned 

oil  icajcretare  can  naan  internal  leakage  somewhere  in  the  system  or  e  low 
fluid  level  in  the  hydraulic  reservoir.  !he  above  parameters  ere  monitored 
in  the  OS-1  via  a  flowmeter  in  the  hydraulic  pump  by-pass  line  and  two  thermo¬ 
couples  located  with  one  thermocouple  in  the  system  pressure  manifold  and  coe 
thermocouple  in  the  hydraulic  pass  by-pess  line, 
t. 9-^-3  ff-iraulic  Filter  A  P 

A  hydraulic  filter  is  installed  in  the  main  pressure  line  downstream  of 
the  hydraulic  ranro.  Tbe  pressure  drop  across  this  filter  was  mcaitorea  by 
a  A  P  transducer  end  examined  for  a  high  limit.  A  high  value  indicates  a 
dirty  filter  for  which  the  system  will  initiate  maintenance  instructions.  A 
clogged  filter  is  an  indication  of  oil  contamination  or  an  incipient  failure 
of  a  component  in  the  hydraulic  system. 

4.9*5  Bemainii^  ifaraaeters  Monitored  in  Aircraft 

The  parameters  discussed  below  are  monitored  by  various  sensors  located 
throughout  the  aircraft. 

4.9. 5.1  Total  Pressure 

Total  pressure  is  monitored  by  sensing  airspeed  pitot  tube  pressure  with  a 
pressure  transducer.  This  parameter  is  monitored  for  two  reasons:  (l)  it 
is  an  important  parameter  -used  in  the  Gas  Ifeth  Rigine  Analysis  technique;  (2) 
it  is  also  used  to  monitor  airspeed. 
k. 9.5. 2  Static  Pressure 

Static  pressure  is  monitored  by  sensing  pressure  in  the  aircraft  instrument 
static  pressure  line  utilizing  a  pressure  transducer.  Ibis  parameter  is  moni¬ 
tored  for  two  reasons:  (l)  static  pressure  is  also  used  to  monitor  aircraft 
altitude;  (2)  total  and  static  pressure  are  definitive  of  airspeed. 


4.0.5.3  ftagl  Pressure 


Aircraft  fcl  system  pressure  is  a  parameter  that  was  already  monitored 
in  the  UH-1  aircraft,  fhls  parameter  was  utilized  in  the  DK-1  AIDAFS  systea 
to  determine  if  fuel  pressure  at  the  fuel  control  input  was  sufficient  for 
proper  operation  of  the  fuel  ©octroi.  When  fuel  pressure  drops  below  4  psl, 
a  malfunction  is  present  and  the  proper  diagnostic  message  was  displayed. 

4. 9-5-4  Left  ana  Right,  fbel  Boost  Rnrp  Switch 

these  discrete  signals  are  already  present  in  the  C3-1  fuel  system.  Tbej 
are  utilized  in  AUMBS  to  determine  if  a  fuel  boost  pump  is  not  operating  and 
also  to  determine  which  boost  pap  is  malfunctioning. 

4.9.5. 5  Inlet  Mr  Filter  t \  ?  Switch 

A  A  P  switch  is  placed  across  the  inlet  air  screen  to  determine  if  the 
airflow  through  the  screen  is  obstructed  by  foreign  debris.  When  the  differen¬ 
tial  pressure  reaches  a  dangerous  level,  the  switch  is  activated  and  the 
proper  diagnostic  message  is  displayed. 

4.9.5. 6  28  VDC,  115  VAC  Essential  Bos  Voltage;  26  VAC  Instrument  Bus  Voltage 

Hie  28  VDC  and  115  VAC  essential  bus  voltages  along  vlth  the  2 6  VAC 
instrument  bus  voltage  are  monitored  to  determine  if  malfunctions  may  be 
present  in  the  various  electrical  systems.  Also,  by  trending  the  various 
bus  voltages,  incipient  failures  of  critical  components  may  be  prevented; 
i.e.,  a  bus  voltage  supply  may  be  lowering  over  a  fixed  time  period.  A 
diagnostic  message  to  perform  more  detailed  manual  checks  can  be  displayed. 

4. 9.5. 7  Hi/lo  RPM  Warning  Light  and  Audio 

I he  Hi/lo  RPM  Warning  Light  and  Audio  are  signals  already  present  in 
the  UH-1  aircraft.  The  AIDAPfc.  system  utilized  these  existing  signals  to  perform 
an  operational  check  on  the  Hi/lo  RPM  Warning  System. 
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^.9.^.8  Overspeed  Governor  S*/itch  Position 

f 

The  Over  speed  Governor  switch  is  already  rr'-*ent  in  the  UH-1  aircraft. 

The  AIBAPS  system  utilized  this  signal  to  determine  whether  the  engine  is  in 

'3 

a  manual  cr  automatic  speed  control  *  *de. 

Is. 9. 5. 9  Collective  Pitch  Position 

Collective  pitch  position  is  an  indirect  measurement  of  the  angle  of  the 
main  rotor  blades.  This  parameter  was  originally  chosen  to  correlate  the 
rotor  blade  angle  with  specific  power  settings.  It  was  later  decided  that  this 
parameter  was  not  required  in  the  system, 
h. 9-5-10  Vibration  Transducers  and  Parameters  Monitored 

Two  major  sources  of  vibration  in  each  of  the  UH-1  power  train  components 
are  bearings  and  gears.  Velocity  type  transducers  were  chosen  to  measure  the 
bearing  vibration  because  these  transducers  provide  more  sensitivity  at  the 
frequencies  and  amplitudes  expected.  Acceleroeeters  were  chosen  to  measure 
the  mesh  and  sideband  frequencies  generated  by  the  gears  because  of  the  higher 
frequencies  and  amplitudes  involved. 

The  components  that  were  chosen  for  monitoring  were  parts  within  the 
power  train  components  with  the  highest  rate  of  failure  as  specified  in  Army 
maintenance  records  contained  in  Bell  Report  Bo.  295-099-520.  The  urinary 
consideration  in  choosing  mounting  location  for  the  transducers  was  to  mount 
the  transducers  as  close  as  possible  to  the  part  whose  failure  detection  was 
desired-  Brackets  were  designed  and  fabricated  of  AMS  5616  steel  to  make 
use  of  existing  bolts  or  studs  on  the  individual  components  for  ease  of 
installation.  The  locations  of  the  vibration  parameters  monitored  and  the 
sensors  used  are  listed  in  Table  1*-1. 
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4.10  Sensor  Selection 

Sensors  were  selected  for  the  OH-1  AIMES  Test  Bed  Program  after  careful 
study  of  the  reco—vnriations  gade  by  Bell  Helicopter  Company  and  AVCO  Incoming 
Division  (AID)  In  Report  So.  299~099~521  -  Automatic  Inspection  Diagnostic  and 
Prognostic  System  (ATDAPS)  Test  Bed  Program  -  Task  II. 

In  general,  the  vast  majority  of  th?  parameters  which  were  chosen  for 
monitoring  were  recomended  in  the  referenced  report.  All  of  the  parameters 
reccsraended  in  the  Bell  Report  were  reviewed  with  regard  to  the  objectives  of 
the  Test  Bed  Program.  After  this  review,  some  Bell  recommended  parameters  were 
eliminated  in  an  attempt  to  accomplish  the  program  objectives  in  the  most  cost 
effective  manner  since  additional  parameters  were  required  to  enable  the  Gas 
Ibth  Analysis  technique  to  be  performed  as  a  diagnostic  and  prognostic  tool. 

Sensors  selected  fall  into  the  following  major  categories: 

1.  Those  which  were  existing  in  normal  UH-1  Installations  which  could  be 
monitored  in  parallel  with  existing  gages,  alarm  lights,  etc. 

2.  Those  which  were  selected  by  AID  based  on  experience  with  instrumenta¬ 
tion  of  the  T53  engine  used  in  the  UH-1  .aircraft. 

3.  Those  which  were  selected  by  Hamilton  Standard  based  on  extensive 
experience  in  the  field  of  instrumentation. 

Sensors  were  calibrated  at  the  outset  of  the  program  and  this  calibration 
data  was  used  directly,  in  the  engineering  unit  conversion  of  all  data  taken 
during  the  course  of  the  program.  The  original  intent  was  to  recalibrate 
all  sensors  periodically  during  the  course  of  the  program.  However,  all  of 
the  necessarv  facilities  to  perform  this  calibration  were  not  available  at 
Corpus  Christi.  Furthermore,  schedule  coirmltcents  did  not  allow  sensors  to 
be  transported  back  and  forth  to  HE  to  perform  the  calibration.  Sensors  were 
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Lhuo  recalibrated  at  tile  conclusion  of  Phase  D  and  the  ensuing  review  indicated 
that  the  majority  of  the  sensors  remained  within  the  predicted  accuracy.  Some  » 

problems  were  experienced  with,  sensors  during  the  program,  but  they  can  be 
attributed  mainly  to  the  constant  asseafrly  and  disassembly  which  was  required 
because  of  the  numerous  mechanical  components  which  were  tested. 

A  tabulation  of  sensor  characteristics  is  shown  in  liable  4.1. 

4.11  Docuaentation  of  Hardware  Problems 

liable  4.2  of  this  report  is  a  chronological  listing  of  ell  hardware  problems 
that  were  encountered  during  Phase  D  of  the  Test  Bed  Program.  The  problems 
are  typical  of  those  encountered  in  most  HAP  programs. 

Since  this  program  is  a  Research  and  Development  program,  the  hardware 
used  had  to  have  flexibility  for  changes;  therefore,  production  hardware  was 

not  used.  In  order  to  have  flexibility  for  change,  seme  printed  circuit 

■  _  — 

and  the  electronics  chassis  had  to  be  hard  wired  .  T^is  makes  the  electronic 
units  more  vulnerable  to  malfunctions  and  wiring  problems.  Also,  due  to  the 
numerous  LRU’s  changes,  the  electronic  hardware  sensors,  and  harnesses  were 
removed  and  replaced  many  times.  This  caused  accelerated  wear  of  the  harnesses 
and  subjected  the  electronics  and  sensors  to  excessive  handling,  thereby  making 
them  vulnerable  to  damage. 
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5.0  DATA  ACQUISITION  AMD  PROCESSING 

5.1  Introduction 

An  understanding  of  the  data  acquisition  and  processing  methods  is  clarified 
by  segregating  the  two  categories  of  information  to  be  acquired:  digital  data 
and  vibrational  data.  A  discussion  cf  the  digital  data  acquisition  is  presented 
in  Paragraph  5.2  and  the  general  processing  techniques  are  discussed  in  Para¬ 
graph  5.3.  The  remainder  of  this  paragraph  present"  additional  explanatory 
information  on  the  AIDAPS  system. 

The  primary  component  in  the  digital  data  acquisition  process  is  the  Main 
Electronics  Unit  (MEU)  which  was  installed  in  each  helicopter.  The  MEU  contains 
the  necessary  arithmetic  and  logic  units  required  to  convert  the  sensor  data 
into  meaaingful  measures  of  the  various  signals.  A  detailed  discussion  of  this 
unit  is  presented  in  Section  4.2.  The  MEU  is  capable  of  performing  all  limit 
and  logic  tests  which  are  required  by  a  field  AIDAPS  installation. 

The  Maintenance  Action  Annunicator  Panel  (MAAP)  was  provided  to  display 
the  results  of  the  airborne  diagnostic  process.  The  mechanical  details  of 
this  component  are  presented  in  Paragraph  4.4  and  the  software  logic  which 
activates  the  various  indicators  is  presented  in  Paragraph  5. 3. 3. 2.  The  Data 
Entry  Panel  (DEP)  was  used  to  enter  documentary  data  such  as  engine  serial 
number  and  to  examine  the  data  during  the  flight.  The  mechanics  of  this 
component  are  discussed  in  Paragraph  4.3. 

The  AIDAPS  Test  Bed  Program  was,  by  its  \ery  nature,  a  development  program 
which  implies  the  use  of  several  approaches  in  examining  the  actual  flight 
data.  Several  ancillary  components  were  then  included  to  facilitate  this 
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DATA  ACQUISITION  AMD  PROCESSING 
Introduction 

An  understanding  of  the  data  acquisition  and  processing  methods  is  clarified 
by  segregating  the  two  categories  of  information  to  be  acquired:  digital  data 
and  vibrational  data.  A  discussion  cf  the  digital  data  acquisition  is  presented 
in  Paragraph  5.2  and  the  general  processing  techniques  are  discussed  in  Para¬ 
graph  5.3.  The  remainder  of  this  paragraph  present-  additional  explanatory 
information  on  the  AIDAPS  system. 

The  primary  component  in  the  digital  data  acquisition  process  is  the  Main 
Electronics  Unit  (MBU)  which  was  installed  in  each  helicopter.  The  MEU  contains 
the  necessary  arithmetic  and  logic  units  required  to  convert  the  sensor  data 
into  meaningful  measures  of  the  various  signals.  A  detailed  discussion  of  this 
unit  is  presented  in  Section  4.2.  The  MEU  is  capable  of  performing  all  limit 
and  logic  tests  which  are  required  by  a  field  AIDAPS  installation. 

The  Maintenance  Action  Annunicator  Panel  (MAAP)  was  provided  to  display 
the  results  of  the  airborne  diagnostic  process.  The  mechanical  details  of 
this  component  are  presented  in  Paragraph  4.4  and  the  software  logic  which 
activates  the  various  indicators  is  presented  in  Paragraph  5. 3. 3. 2.  The  Data 
Entry  Panel  (DEP)  was  used  to  enter  documentary  data  such  as  engine  serial 
number  and  to  examine  the  data  during  the  flight.  The  mechanics  of  this 
component  are  discussed  in  Paragraph  4.3. 

The  AIDAPS  Test  Bed  Program  was,  by  its  \ery  nature,  a  development  program 
which  implies  the  use  of  several  approaches  in  examining  the  actual  flight 
data.  Several  ancillary  components  were  then  included  to  facilitate  this 
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ry. 2 '  Digital  Data  Acquisition 

The  major  functions  of  the  MEU  in  acquiring  the  digital  data  are  depicted 
in  Figure  5-1.  The  AIDAPS  system  monitored  the  outputs  of  46  individual 
sensors,  26  switch  closures,  and  10  self  health  parameters  indicative  of  the 
MEU  operation.  These  signals  or  parameters  are  introduced  to  the  MEU, 
amplified  as  required,  and  converted  to  a  digital  representation  for  storage 
via  software  control.  The  program  logic  or  software  then  stores  the  data, 
prepares  it  for  output  to  the  various  ancillary  devices,  and  conducts  an 
analysis  of  the  data. 

T.P.l  Input  Frame  Composition  and  Scan  Rate 

The  actual  number  of  parameters  to  be  monitored  is  not  restricted  to 
those  values  presented  above.  The  total  number  of  samples  can  be,  and  actually 
were,  much  greater  than  46  in  a  basic  sampling  frame.  This  sampling  frame 
was  established  as  two  seconds  during  an  early  phase  of  AIDAPS  by  the  recorder 
requirements  and  the  number  of  parameter  values  to  be  acquired.  The  basic 
sampling  frame  is  further  divided  by  clock  pulses  into  segments  of  ten  milli¬ 
second  duration.  Thus  a  maximum  of  200  parameters  could  be  interrogated  in 
the  two  second  frame  if  each  parameter  is  addressed  only  once  per  frame. 

Several  different  sampling  rates  are  used  in  the  actual  AIDAPS  program 
which  results  in  more  than  one  parameter  value  for  each  sensor  within  a  specific 
freme.  The  actual  sampling  rates  are  established  for  slowly  changing  parameters 
(28  parameters  once  every  two  seconds) ,  moderately  changing  parameters  (17 
parameters  once  every  second) ,  and  fast  parameters  (17  parameters  once  every 
half  second) .  An  additional  five  segments  are  reserved  for  documentation 
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5.2.1  Continued 

information  from  the  FDEP,  Thus,  a  total  of  135  of  the  available  200  segments 
are  presently  utilized. 

Limited  input  data  compression  is  accomplished  in  the  electronic  inter¬ 
face  for  the  switch  closures.  The  26  closures  can  each  be  represented  by  a 
1  or  0  and  each  switch  need  not  be  assigned  to  a  separate  word.  The  switch 
information  is  actually  packed  into  three  data  words  and  logic  is  provided  in 
the  software  to  isolate  and  extract  the  individual  switch  state. 

5.2.2  Analysis  and  Data  Lisplavp 

Several  forms  of  output  are  provided  for  the  Test  Bed  Program  AIDAPS. 
Current  display  of  any  parameter  value  is  provided  by  the  FDEP.  The  FDEP 
displays  the  parameter  number  requested  by  the  user  and  the  voltage  equivalent 
of  that  parameter.  Documentary  data  such  as  aircraft  and/or  engine  number 
may  also  be  entered  into  the  computer  via  the  FDEP.  The  MAAP  provides  3 
incremental  counters  and  64  message  indicators.  The  3  counters  document  the 
flight  duration,  the  number  of  recorded  frames,  and  the  number  of  engine 
steady  state  frames. 

The  number  of  MAAP  messages  was  determined  by  reviewing  the  initial 
diagnostic  diagrams,  assignment  of  tentative  messages,  arc!  then  providing  some 
growth  capability.  This  procedure  resulted  ir.  64  indicators  which  were 
activated  on  demand  at  the  end  of  the  flight  to  indicate  the  maintenance  action 
which  would  be  required. 

The  development  of  the  logic  necessary  to  activate  the  MAAP  indicators 
involved  one  noteworthy  step.  The  initial  flights  indicated  that  many 
messages  were  being  activated.  Subsequent  investigations  revealed  that 
spurious  fluctuations  of  various  parameters  had  occurred  due  to  norms 1  aircraft 
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t  unsients  resulting  in  the  generation  of  erroneous  messages.  An  interim 
change  vss  initiated  to  separate  the  transient  from  the  true  maintenance 
action  requirement.  This  modification  involved  counting  the  total  number  of 
incidents  for  each  MAAP  indicator,  comparing  this  number  of  occurrences  with 
the  number  of  flight  frames,  and  then  activating  only  those  indicators  which 
had  been  encountered  for  a  significant  portion  of  the  flight.  The  initial 
selection  of  the  number  of  incidents  required  to  activate  any  one  message 
indicators  was  25  percent  of  the  total  flight.  This  percentage  is  not  fixed 
and  subsequent  analysis  has  indicated  that  a  value  of  10%  could  be  satisfactorily 
employed.  Analysis  also  indicated  that  certain  logic  groups  are  of  a  sufficient 
degree  of  severity  to  warrant  a  message  activation  for  any  single  limit 
exceedance.  One  example  of  a  critical  diagnostic  group  involves  the  rotor 
overspeed  and  unde 'speed  alarms.  Improper  operation  of  this  warning  system 
would  have  a  significant  impact  on  the  aircraft  safety  in  a  deployed  situation. 

A  relatively  minor  modification  is  available  to  incorporate  both  of  the 
message  activating  approaches  into  the  MEU. 

5.2.3  Output  Frame  Composition 

The  tape  recorder  is  a  seven  track  digital  recorder.  This  means  that  7 
bits,  of  data  (l's  or  0’s)  are  recorded  across  the  tape  and  the  tape  is  in¬ 
cremented  a  fixed  step  between  bytes  (one  byte  is  seven  bits).  One  bit  is 
used  as  a  recording  check  (parity)  and  6  bits  per  byte  are  used  for  data. 

An  actual  MEU  data  word  consists  of  16  bits  but  only  12  of  these  bits  are 
used  for  each  parameter  value.  Thus,  two  tape  bvtes  are  equivalent  to  each 
parameter  and  the  program  logic  locates  tut  proper  word  half  and  supplies  it 
to  the  recorder  in  a  timely  manner. 
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5.2.3  Continued 

The  AH) APS  output  frame  to  the  recorder  includes  the  200  words  of  the 
input  frame  plus  37  documentary  words  for  a  total  of  237  words  or  4?4  bytes. 
The  3?  documentary  words  include  frame  identifiers,  counters,  tis^,  and  test 
information.  The  recording  rate  is  hardware  clocked  at  300  bytes  per  second 
and  a  total  time  of  1.500  seconds  is  required  for  each  frame.  This  allows 
420  milliseconds  between  frames  for  blank  tape  which  is  used  as  an  inter 
record  gap  (IRG) .  The  IRG  also  serves  as  a  logical  fraiie  separation. 
l).2.h  Conditions  for  Engine  Analysis 

The  proper  analysis  of  a  complex  system  such  as  a  gas  turbine  engine 
requires  that  the  effect  of  random  variables  on  the  analysis  be  einiaizea 
as  much  as  possible.  This  requirement  was  recognized  in  establishing 
ground  rules  for  the  AID APS  analysis  and  led  to  the  imposition  of  three 
requirements  for  acceptabilit"/  of  the  engine  data. 

1.  The  engine  must  not  be  analyzed  in  a  transient  operating  condition. 

2.  Care  must  be  exercised  so  that  non-linear  engine  characteristics  will 
not  generate  false  data. 

3.  The  effect  of  engine  to  Engine  variations  on  the  analysis  must  be 
examined  and  minimized  if  significant. 

These  considerations  are  discussed  in  some  detail  in  subsequent  para¬ 
graphs  . 

5. 2. 4.1  Engine  Steady  State  Criteria 

Extensive  background  in  the  development  of  turbine  engine  controls  has 
demonstrated  that  the  transier-t  operation  of  an  engine  can  significantly 
effect  the  diagnostic  results.  For  instance,  the  occurrence  of  a  high 
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steady  state  trasperataae  would  &e  iodidaiiie  of  a  potential  eggios  asgradsticn 
fcat  that  sene  -variation  which  occurs  daring  a  transient  would  only  be  in¬ 
dicative  of  the  energy  avail  able  to  accelerate  the  engine.  Sooe  netsod  of 
nicKsizisig  the  effect  of  transient  perfcaaeage  was  then  required  in  the 
AIDAFS  system.  Attests  to  inclisse  the  transient  characteristics  wsoid  have 
resulted  in  ac  extresely  ocsplex  engine  ssodel  which  vaa M  not  save  been 
econocical.  Tests  were  then  established  to  isolate  caly  the  steady  state 
conditions  and  then  reviewed  for  validity. 

The  initial  steady-state  criteria  was  established  base?  oc  hnown 
engines  parameter  characteristics  such  as  operating  range  eva  response  tine 
in  conjunction  with  the  s azalea  dsta  accuracy  aai  the  sanplec  frequency. 

These  criteria  were; 

1.  The  gas  turbine  uneorrected  speed  (8j)  readings  within  <i  2  second 
recording  frame  trust  net.  differ  by  acre  than.  100  HPK. 

2.  The  uncorrected  main  rotor  speed  (%}  single  frame  averaged  value, 
trust  be  greater  than  the  minimum  normal  flight  lirlf-  of  29?  HFM 
specified  by  Bell  Helicopter  Co. 

3.  The  corrected  shaft  horsepower  (SHPC  )  vast  be  greater  than  150  HP 
to  eliminate  autorotation  conditions. 

4.  The  corrected  averaged  value  of  exhaust  gas  temperature  (Tt9c)  between 
adjacent  recording  frames  must  not  exceed  2.5°R. 

The  steady-state  criteria  optimization  was  performed  using  the  5-13-71 
(AM)  flight  of  aircraft  No.  17223.  This  flight  was  selected  because  the 
flight  plan  had  included  extremes  of  aircraft  operation  (i.e.,  high  rate 
climbs  and  descents)  in  addition  to  normal  flight  patterns  used  to  obtain 
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f^as  path  steady  state  data.  The  resulting  gas  path  data  obtained  from  this 
flight  and  processed  on  the  HS  IBM  370  computer  is  presented  in  computer 
plot  form  in  Figures  5-2  through  5-6.  In  these  plots  of  compressor  discharge 
pressure,  compressor  discharge  temperature,  fuel  flow,  shaft  horsepower,  and 
exhaust  gas  temperature,  minimum,  maximum,  and  averaged  values  are  plotted  at 
the  mid-point  of  ten  (10)  H^c  speed  windows. 

From  these  results,  it  was  concluded  that  the  percentage  spread  between 
the  minimum  and  maximum  values  (at  constant  1V^C)  of  Wp,  SHP,  and  TT9  was 
unacceptable.  A  detailed  evaluation  of  the  flight  data  showed  that  the  Tt9 
data  spread  was  being  caused  by  the  engine's  slow  thermal  response  charact¬ 
er  it  cics  (i.e.,  for  large  and/or  rapid  changes  in  collective  pitch  setting 
transient  Tt9  data  was  getting  into  the  gas  data) . 

The  final  steady  state  criteria  accrued  represents  the  optimal  compromise 
between  the  desired  steady  state  criteria  and  the  number  of  gas  path  data 
point 8  necessary  to  perform  a  good  gas  path  analysis.  This  criteria  is  pre¬ 
sented  below: 

1.  The  gas  turbine  uncorrected  speed  (Fi)  readings  within  a  2  second 
recording  frame  must  not  differ  by  more  than  200  RFM. 

2.  The  gas  turbine  corrected  speed  (Nic),  single  frame  averaged  value, 
cannot  differ  from  an  adjacent  frame  averaged  value  by  more  than  100 
RFM. 

3.  The  uncorrected  main  rotor  speed  (%),  single  frame  averaged  value,  must 
be  greater  than  the  minimum  normal  flight  limit  of  295  RFM  specified  by 
Bell  Helicopter  Co. 
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4.  The  corrected  shaft  horsepower  (SHPC)  must  be  greater  than  150  HP. 

^  The  corrected  exhaust  gas  temperature  (TT9C) »  single  frame  averaged 

value ,  cannot  vary  by  more  than  +2.5°R  in  60  seconds  (or  between 
frames  if  the  time  interval  between  frames  exceeds  60  seconds) . 

Plots  of  the  gas  data  measured  parameters  for  the  5-13-71  (AH)  flight, 
using  this  steady  state  test  criteria,  are  shown  in  Figures  5-7  through 
5-11.  The  table  below  shows  the  relative  improvement  in  data  scatter  that 
was  obtained.  The  scatter  band  percentages  have  beer,  based  on  the  average 
baseline  curve  for  each  measured  parameter. 

MAX.  SCATTER  BAND  (%) 


Initial 

Final 

Pa3 

2.0 

1.0 

%3 

1.5 

.75 

Tt9 

4.0 

.75 

wP 

10.0 

4.25 

SHP 

9.75 

5.0 

Studying  Figures  5-7  through  5-H  shows  that  the  averaged  value  at  a 
particular  speed  window  was  shifted  by  as  much  as  1.0%  on  8HPC  between  these 
two  steady  state  criterions.  This  indicates  that  even  a  more  stringent  steady 
state  criteria  is  desired.  More  stringent  driterlas  were  evaluated,  but  the 
reduced  amount  of  steady  state  data  was  unacceptable  for  a  gas  path  analysis. 

The  maximum  scatter  band  percentages  for  WF  and  SHP,  although  they 
appear  large,  are  not  excessive  by  statistical  analysis  standards.  The  1  sigma 
standard  deviations  are  1.1  and  1.9%,  respectively. 


Hamilton, 

Standard 


U 

9  JkssM  e— oner 

A. 


5-9 


Hamilton 

Standard 


U 

CFViHlN  Of  UMTCD*4CM#T  COWP>»»ON 

fU 


HSER  6080 
Volume  I 


J.2.4.2  Engine  Base3.ine  Characteristics 

The  fundamental  approach  to  engine  analysis  involves  comparing  the 
present  engine  condition  with  the  performance  of  a  good  engine.  This  requires 
that  a  baseline  characteristic  be  defined  such  that  deviations  from  the  base¬ 
line  are  then  indicative  of  the  engine  health.  The  question  then  arises  with 
regards  to  the  resolution  of  the  baseline  curves.  Typical  T53-L13  engine 
characteristics  were  derived,  and  a  study  of  this  data  indicated  that  an 
adequate  definition  could  be  obtained  using  four  straight  lines  to  approximate 
the  curves.  The  usable  power  range  was  then  defined  by  these  four  power 
windows  and  flight  data  collection  was  initiated  in  each  of  the  windows.  The 
power  ranges  for  the  windows  are: 


Window 

Horsepower 

Compressor 

Range 

Pressure  Range  P  /  s, 

1 

1100  to  1*400 

94  to  106 

2 

770  to  1100 

82.5  to  94 

3 

470  to  770 

71  to  82.5 

4 

250  to  470 

59  to  71 

A  separate  slope  and  intercept  was  established  for  each  power  window  and 
the  need  for  elaborate  curve  fitting  algorithms  was  eliminated.  The  data  was 
actually  collected  as  a  function  of  compressor  pressure  ratio  as  indicated  in 
the  above  table.  The  validity  of  collecting  data  as  a  function  of  either 
pressure  or  horsepower  is  developed  in  Section  6.  Compressor  pressure 
was  selected  as  the  base  parameter  for  the  AIDAPS  Test  Bed  Program  because 
of  the  ease  in  measurement. 
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4.3  Engine  Variability 

The  baseline  characteristics  of  turbine  engines  have  a  strong  impact  on 
the  credibility  of  the  analysis.  A  significant  engine  to  engine  variation 
will  generate  false  conclusions  when  compared  with  nominal  characteristics. 

This  variation  for  the  UH-1  engines  is  quite  large  and,  when  combined  with 
the  conservative  degraded  parts  selection,  resulted  in  the  need  for  individual 
("customized’4)  engine  baselines.  These  baselines  for  the  engines  encountered 
during  the  A ID APS  program  are  presented  in  two  sets  of  figures.  The  four 
flight  test  engines  are  presented  in  Figures  5*12  through  5*16,  and  the  six 
final  demonstration  engines  are  presented  in  Figures  5*17  through  5*21. 

A  study  of  the  baselines  for  10  engines  provides  an  Interesting  insight 
into  the  detection  problem.  These  curves  reflect  a  reasonable  variation  between 
engines.  However,  the  engine  to  engine  variation  is  quite  significant  in  < 
evaluating  the  health  of  the  engine.  The  actual  engine  variations  and  re¬ 
sultant  degree  of  uncertainty  of  the  implicit  or  calculated  parameters  are 
tabulated  in  Figure  5*22.  These  variations  of  the  implicit  parameters 
are  quite  large  and  are  unacceptable  for  a  reasonable  diagnostic  system. 

Thus  the  need  for  accurate  individual  baseline  characteristics  is  established 
in  order  to  minimize  the  degree  of  uncart ainity  of  the  results  and  to  obtain 
proper  and  timely  diagnostics. 

5  Adaptive  Recording  Control 

Adaptive  recording  was  provided  as  a  means  of  major  data  compression 
during  a  flight.  This  technique  was  employed  as  a  method  of  obtaining  critical 
data  without  accumulating  an  unwieldly  mass  of  background  information.  The 
following  tests  were  devised  to  initiate  recording: 
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Continued 

1.  Record  once  each  minute)  or 

2.  Record  whenever  10  exceedences  of  the  total  of  135  Units  were  encount¬ 
ered  in  a  frame;  or 

3.  Record  ell  valid  gas  path  frames  as  defined  by  the  steady  state  tests 
oi’  paragraph  5.2.4  and  record  typical  frames  ao  steady  state  engine 
conditions  are  being  approached. 

These  tests  then  compressed  the  large  amount  of  information  available 
on  a  flight  into  a  meaningful  flight  history. 

Periodic  Recording  Mode 

The  ability  to  record  at  least  once  every  minute  provided  the  means  of 
monitoring  individual  sensor  operation.  These  records  were  then  examined  for 
proper  parameter  values  as  a  check  on  the  system. 


5. 2. 5. 2  Limit  Exceedance 


The  recording  of  every  frame  for  which  10  out  of  135  limits  were  encounter* 
served  to  document  critical  operating  conditions.  The  value  of  10  limits  was 
an  arbitrary  selection  and  can  be  adjusted  either  up  or  down  in  a  deployed 
system. 


All  data  frames  which  satisfy  the  engine  steady  state  conditions  are 
recorded  for  subsequent  ground  anslysis.  This  step  w<  .  provided  in  order  to 
properly  document  the  flight  for  additional  software  review  and/or  modification 
The  recording  of  typical  frames  as  steady  state  conditions  were  being 
approached  was  provided  in  order  to  aid  in  documenting  the  flight  history. 

These  frames  then  provided  the  data  base  used  in  establishing  the  proper  engine 

steady  state  tests. 
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.  y.'c'-.ti  Flight  Profile  Definition 

An  important  requirement  of  any  development  program  is  to  obtain  defin- 
itive  data  at  controlled  operating  conditions.  A  desired  flight  profile  for 
the  AID APS  missions  was  established  to  satisfy  this  objective.  This  profile, 
as  presented  in  Figure  5-23  defines  the  desired  speed  settings  and  the  time 
at  each  condition  as  well  as  pertinent  data  which  should  be  noted.  The 
exact  sequence  is  relatively  unimportant  in  this  profile  since  the  MEU  logic 
is  established  to  isolate  the  power  conditions  without  regard  to  time.  The 
factors  which  were  important  include  maintaining  constant  airspeed  and  con¬ 
stant  altitude,  at  each  Nle.  Nle  is  calculated  as  follows:  1o  Nlc  => 
Indicated  +  N]_  from  curve.  It  should  be  noted  that  this  desired  profile 
was  only  generated  as  a  guideline  for  the  Test  Bed  Program.  Valid  data  c an 
be  expected  from  normal  missions,  and  the  need  for  special  diagnostic 
flights  in  a  deployed  installation  is  not  indicated. 
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U!«  ps-Bsosry  data  fmestiqg  in  a  deployed  JUMPS  viix  ocosr  in  tee  air- 
lone  processor,  in  this  case  the  WO.  Ground  processing  may  be  desirable 
Tor  sane  comercial  -applications  bat  is  not  a  feasible 't  eqairencgt  in  AIDAPS. 
Siwswr,  ground.  processing  was  employed  in  tbe  lest  Bed  Program  in  order  to 


clarify  tbe  test  bed  dewelofaents.  This  section  then  discusses  tbe  typical 
software  programs  which  enabled  Use  deidcpent  of  a  saccescM  AIDAPS  cos* 
cept. 

5-1-1  AIDAPS  Airborne  Software  Discussion 

Tbe  general  requirements  for  the  airborne  program  were  discussed  in 
paragraph  5-2-  Tbe  following  steps  were  i Deluded  in  tbe  airborne  program 
and  are  typical  of  those  logic  groups  which  would  be  required  in  a  deployed 
situation. 

1-  Initialization  Test  (once  per  application  of  power) 

2.  Parameter  Input  Sequencing  (once,  parameter  each  10  m  sec) 

3-  Parameter  Output  Sequencing  (one  frame/2  sec) 

4.  Mechanical  Limit  and  Logic  Testing  (as  required  up  to  once  every  10  nsec 
outputted  at  end  of  flight) 

5.  Gas  Path  Data  Collection  (once  per  frame) 

(».  Gas  Path  Analysis  (once  per  flight) 

Y-  Maintenance  Action  Display  (once  at  end  of  flight) 

A  flow  diagram  of  a  typical  AIDAPS  airborne  program  is  presented  in 
Figure  5-24  to  clarify  this  discussion. 
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■*-3-1.1  Initialization 

The  first  locations  of  memory  are  reserved  tor  troubleshooting.  These 
locations  are  exercised.  only  during  a  power  interrupt  or  as  the  result  of  a 
program  logic  er  ror.  The  latter  feature  is  useful  in  checking  new  programs 
but  is  not  encountered  during  normal  flights.  The  logic  then  functions  when 
power  is  turned  on  to  upply  proper  tension  to  the  magnetic  tape,  initialize 
counters  and  subroutine  entries,  and  clear  the  FDEP.  The  logic  then  synchro¬ 
nizes  on  the  ID  millisecond  pulse  (ref.  paragraph  3-2.1)  and  decides  what 
type  of  action  is  requxvjid.  Possible  actions  at  this  stage  include  recording 
one  byte  if  the  frame  is  not  complete,  initialization  for  the  next  frame  of 
either  inputs  or  analysis  if  the  flight  is  finished,  or  program  termination 
at  the  end  of  the  flight  sod  data  analysis.  Definition  of  a  completed  flight 
is  accomplished  via  a  pushbutton  on  the  FDEP  which  changes  the  data  collection 
routines  to  data  analysis  routine . 

*>.3.1.2  Parameter  Input  and  Data  Process  Sequence 

The  proper  input  subroutine  for  each  parameter  is  selected,  the  data  is 
brought  into  the  MEU  and  stored,  and  the  digitization  process  for  the  next 
parameter  is  initiated.  The  logic  flow  then  divides  into  two  branches.  Gas 
path  analysis  is  done  only  during  those  times  that  recording  is  not  required, 
otherwise  two  more  bytes  of  data  are  recorded.  Finally,  the  mechanical  limit 
and  logic  tests  are  run  on  i>ach  parameter  as  received.  The  MAAP  display  is 
energized  at  the  end  of  flight  test  as  indicated  by  the  status  of  the  DEP 
switch  based  on  number  of  logic  faults.  The  program  then  cycles  back  to  the 
ten  millisecond  pulse  logic  and  repeats  this  cycle. 
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The  mechanical  limit  and  logic  tests  are  basically  small,  table  driven 
routines.  This  means  that  a  few  general  logic  routines  are  used  for  all 
variables.  The  number  of  the  parameters  to  be  tested,  the  type  of  tests, 
the  limits,  the  lamp  number  for  the  MAAP,  and  any  special  features  are 
condensed  into  small  tables.  These  values  are  extracted  and  expanded  at 
I  the  proper  time  to  control  the  logic  routines.  This  approach  was  utilized 

|  in  order  to  minimize  the  memory  requirements.  A  more  complete  discussion 

|  of  the  actual  mechanical  logic  is  not  required  for  a  basic  understanding  of 

t  the  airborne  program.  The  complete  logic  is  documented  in  Section  6.1. 

I 

V.3.1.3  Data  Entry  Panel  Input  Routine 

An  interesting  input  subroutine  was  devised  for  the  FDEP.  Data  may  be 
displayed  by  activating  a  DISPLAY  button  and  entering  a  parameter  number  from 
1  to  200.  Panel  data  may  be  stored  for  recording  by  activating  an  ENTER 
button  or  recording  may  be  initiated  using  the  EVENT  button.  Finally,  re¬ 
cording  will  be  initiated  if  a  given  number  of  limit  exceedances  have  been 
detected.  The  panel  routine  returns  directly  to  the  10  millisecond  pulse 
logic  because  the  subroutine  is  entered  only  when  recording  is  not  required. 
b.3.1.4  Gas  Path  Calculations  &  Logic 

Detailed  gas  path  derivations  and  discussiens  are  beyond  the  scope  of 
this  section  and  are  presented  in  Section  6.2.  A  general  review  includes 
data  analysis  during  the  flight  and  logic  at  the  end  of  the  flight.  The  data 
analysis  includes  steady  state  tests,  tests  for  the  proper  power  condition 
(window)  and  evaluation  of  the  parameter  variation  from  a  pre-established 
baseline.  T'ne  logic  includes  noise  elimination,  calculation  of  the  implicit 
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engine  variables  from  the  explicit  or  measured  parameters,  and  the  detailed 
gas  path  logic.  Finally,  the  proper  MAAP  messages  are  activated  and  the 
program  returns  to  the  10  millisecond  pulse  logic  from  either  the  collection 
or  analysis  sections. 

'.•>♦1.2  AIDAPS  Ground  Data  Analysis 

The  ground  data  analysis  consists  of  two  segments;  on  site  data 
review  and  remote  analysis. 

5. 3.2.1  On-Site  Data  Review 

The  on-site  data  review  is  accomplished  in  the  Mobile  Office  and 
utilizes  the  DDP  116  digital  computer.  Data  is  read  from  the  7  track 
tape  one  frame  at  a  time  and  stored  in  the  computer.  The  parameter  values 
may  then  be  printed  in  engineering  units  on  the  ASR-33  teletypewriter.  A 
typical  frame  is  shown  in  Figure  5-25.  A  brief  parameter  functional  check 
may  then  be  conducted  to  isolate  and  correct  for  any  sensor  malfunctions  in 
a  timely  manner.  The  7  track  tape  is  then  sent  to  the  main  Hamilton  Standard 
plant  for  a  more  critical  analysis. 

0. 3.2.2  Remote  Data  Analysis 

The  remote  data  analysis  is  accomplished  via  an  IBM  370  Model  155  Digital 
Computer.  A  general  flow  diagram  of  this  process  is  shown  in  Figure  5-26  The 
7  track  tape  is  first  edited  to  eliminate  noise  and  supurious  data  and  two  9 
track  IBM  compatible,  image  tapes  are  generated.  These  tapes  contain  ohe 
good  airborne  data  with  the  digitized  data  converted  back  to  volts.  The 
second  or  safety  tape  is  obtained  in  order  to  maintain  data  security.  The 
airborne  sensors  and  electronics  have  been  periodically  calibrated  and  this 
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•Into  ir.  supplied  to  the  computer  via  punched  card  input.  The  main  functions 
of  the  computer  program  are  summarized  in  the  central  block  of  Figure  5-26 
and  will  be  discussed  in  more  detail  in  subsequent  paragraphs.  The  output 
of  the  program  is  the  printed  data,  gas  path  analysis  plots,  and  data  cards 
for  the  TREND  program. 

3. 2. 3  General  IBM  370  Program  Discussion 

The  principal  function  of  the  computer  program  is  to  reduce  the  data 
from  the  flight  into  an  effective  summary.  Several  major  steps  are  outlined 
in  Figure  5-26  and  discussed  in  the  remaining  paragraphs  of  this  section. 

The  first  step  is  to  convert  the  tape  data  from  airborne  computer  volts 
back  to  the  proper  engineering  units.  The  individual  frame  data  may  ce 
printed  as  specified  by  the  programmer  and  sample  frames  are  shown  in 
Figures  5-27  through  5-29.  Each  page  represents  one  2-second  burst  of  data 
and  includes  the  frame  number,  time  from  the  start  of  flight,  and  other 
documentary  information.  The  gas  path  parameters  are  printed  on  the  left 
side  of  the  page  and  depict  the  four  values  in  a  frame  under  the  parameter 
title.  The  twelve  values  of  the  exhaust  gas  temperature  ring  are  printed 
in  a  column  and  generally  separate  the  internal  engine  parameters  from  the 
external  parameters  (ambient  temperature  and  pressures)  and  mechanical  para¬ 
meters.  The  mechanical  parameters  include  the  titles  and  readings  (l,  2,  or 
4  values)  immediately  to  the  right  of  the  title. 

The  center  of  the  frame  page  is  devoted  to  switch  closure  information. 
Each  switch  is  interrogated  twice  in  a  2  second  frame  (slot  1  and  slot  2)  and 
may  be  either  a  1  or  a  0  to  designate  an  open  or  closed  position.  The  third 
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•  •oLuimi  after  the  switch  identifier  is  the  ualfunction  code  which  is  also 
either  a  1  or  0.  A  malfunction  would  be  detected  in  the  switch  parameter 
if  the  slot  values  agree  with  the  malfunction  code.  Normal  operation  is 
obtained  when  the  slot  readings  are  the  complement  of  the  malfunction  code. 

The  final  portion  of  the  engineering  unit  page  is  a  listing  of  average 
frame  data  and  the  gas  path  data  as  corrected  for  ambient  pressure  and  temp¬ 
erature  variations. 

The  second  step  in  the  computer  program  is  the  mechanical  logic  tests 
as  discussed  in  Section  5.3.*+.  The  results  of  these  tests  are  summarized 
and  printed  at  the  end  of  the  tape  analysis  as  a  diagnostic  message.  The 
average  values  of  pertinent  parameters  are  also  stored  for  printing  as  TREND 
data. 

Gas  Path  Analysis  is  the  remaining  portion  of  the  computer  program  and 
consists  of  those  steps  discussed  in  Section  5-3.5  including  steady  state 
tests,  baseline  comparisons,  implicit  variable  evaluation,  and  diagnostic 
logic.  The  outputs  of  this  step  are  the  diagnostic  message  summaries,  tabular 
gas  path  data  for  detailed  review,  and  plots  of  the  critical  engine  parameters. 
These  plots  are  especially  useful  in  appreciating  the  data  because  the  results 
of  an  entire  flight  can  be  quickly  observed.  One  example  of  this  usefulness 
is  discussed  in  paragraph  5-2. 4. 2  with  regards  to  the  engine  steady  state 
test  definition.  The  parameter  plots  revealed  a  large  and  unacceptable  vari¬ 
ation  which  was  subsequently  traced  to  an  insufficient  stability  test. 

.4  Engineering  Review 

The  final  step  in  the  ground  processing  is  the  engineering  review  and 
analysis  of  the  flight  data.  The  complete  data  printout  must  first  be  reviewed 
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5. 3. 2.4  Continued 

for  rational  operation  of  all  sensors.  Current  data  and  diagnostic  informa¬ 
tion  is  then  analyzed  to  confirm  that  the  analytical  technique  is  correct. 
Program  revisions  have  been  made  as  required  to  improve  the  analysis.  These 
changes  were  incorporated  into  the  flight  software  where  required.  Finally, 
the  information  is  smanarized  and  filed  for  future  reference. 

‘>.3.3  Detailed  Program  Discussions 

The  AID  APS  Test  Bed  Program  encosrparsed  several  disciplines  which  can 
be  discussed  individually.  These  areas  include 

1.  Mechanical  diagnostics  (Section  5.3.3) 

2.  Gas  Path  diagnostics  (Section  5-3.4) 

3.  Prognostics  or  Trends  (Section  5.3-5) 

The  individual  logic  routines  are  discussed  in  the  appropriate  sections 
as  indicated  above. 

5. 3-3.1  Mechanical  Diagnositcs 

The  basic  mechanical  diagnostics  approach  which  was  derived  from  several 
sources  includes  establishing  reasonable  limits  for  the  important  parameters, 
limit  exceedance  tests  on  these  parameters,  and  then  confirming  the  results  of 
the  limit  test  by  the  investigation  of  related  parameters.  Thus  redundant 
checks  will  establish  whether  a  simple  inspection  or  a  full  replacement  is 
inquired . 

The  mechanical  logic  definition  had  two  other  goals.  First,  the  logic 
must  be  adaptable  to  the  flight  mode.  Complicated  cross  checks,  logic  tests, 
and  limit  interdependencies  for  each  parameter  would  rapidly  use  up  the 
available  computer  memory  and  would  result  in  an  impractical  system.  Second, 
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the  nmchznt  of  installation  and  associated  hardware  implications  anast  be 
within  the  scope  of  the  basic  AIDAPS  program.  These  goals  were  then 
employed  in  reducing  the  m*ber  of  potential  candidate  parameters  to  a 
reasonable  definition  of  the  critical  corzpooests. 

The  assistance  of  the  Bell  Helicopter  and  kreo  EycceoLog  were  actively 
sought  in  fulfilling  the  above  stated  goals.  The  government  furnished  data 
which  included  the  Bell  reports  *  and  other  manuals  which  were  helpful  in 
defining  the  initial  parameter  limits  and  dependencies.  The  diagnostic 
logic  tree,  which  is  discussed  in  detail  in  Section  5-3-3-2,  was  then  estab¬ 
lished.  A  review  of  this  logic  by  Bell  representatives  was  valuable  in 
refining  the  diagnostics  for  the  airframe  area  of  concern.  The  Lycoming 
data  package  assisted  in  defining  the  engine  mechanical  relationships. 

Some  aspects  of  both  the  Lycoming  and  Bell  diagnostics  had  to  be  deleted 
to  arrive  at  a  practical  system  for  the  AIDAPS  goals.  The  compressor 
operation  was  deleted  as  being  redundant  with  Gas  Path  Analysis.  Similarily, 
hot  starts  and  low  cycle  fatigue  are  very  long  term  effects  which  would  not 
be  encountered  in  the  relatively  short  AIDAPS  program  exposure.  Thus,  both 
data  packages  were  edited  in  order  to  obtain  a  reasonable  demonstration 
approach  to  airborne  diagnostics. 

The  finalized  limit  values  are  presented  for  each  parameter  in  Table  5.1. 
Certain  limit  revisions  were  required  as  additional  information  on  the  heli¬ 
copter  operation  became  avails cle.  Examples  of  the  limit  changes  include  the 
AC  Essential  Bus  Voltage  and  the  hydraulic  Pump  Temperature  Rise  and  Bypass 
Flow.  The  initial  voltage  band  was  increased  from  5  to  10  volts  to  agree  with 

*Bell  Helicopter  Technical  Reports  No.  299-099-520,  dated  l/30/70 

and  No.  299-099-521,  dated  2/12/70. 
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'  filas*  latest  m*iEd«c*ace  lastmctioe*.  2be  fejygggsSic  tempers* tare  rise  sees 

iflffireesed  from  3JB  t®  5©  degrees  eafl  tbe  leeftagr  flaw  frees  ©-23  to  ©.%5  ggtc 
to  reflect  tbe  mammal  geanp  ogeretioe  es  aamccesS  vrttb  tbe  ©aeration  ©f  a  s*sw 
pcanp.  Use  lower  limits  were  deteraiarei  to  be  aoragfesbls  ©dy  far  at  new  gang 
ie  s  test  sited  cbeckcct  end  wdgM  ct'ie  resulted  in  continual  gamp  redece- 
neEHt  witfocat  cease. 

Beccnst  flights  bare  i  mi  catted  tbe  need  to  re-ezanite  the  lower  limit 
of  ttae  DC  Essential  Sas.  Additional  aircraft  power  demands  cars  resaltaa 
in  this  voltage  being  Jto  |  volt  below  tbe  lower  limit  with  satisfactory 
operation-  fills  indicates  that  tbe  lower  limit  coasM  be  resssced  from  26 
to  25  volts. 

In  summary,  a  reasonable  effort  was  expended  in  devising,  checking, 
revising  ana  implementing  a  workable  approach  to  mechanical  diagnostics. 

The  ’•esult  of  this  effort  is  the  detailed  logic  tree  as  presented  in 
Section  5. 3-3-2.  This  diagnostic  logic  was  incorporated  into  both  the  air¬ 
borne  and  ground  software  programs  and  tbe  results  are  discussed  in  Sections 
6.0  and  7-0. 

5.3. 3.2  Detailed  Mechanical  Diagnostics 

The  mechanical  diagnostic  logic  which  are  used  in  the  airborne  and 
ground  based  programs  are  identical.  The  actual  logical  flow  diagrams  and 
maintenance  action  messages  are  presented  in  Figures  5-30  through  5-39  and 
a  detailed  discussion  will  be  presented  as  the  final  portion  of  this  section. 

A  brief  overview  of  the  Hamilton  Standard  approach  is  now  presented  to  improve 
the  understanding  of  later  discussions. 
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The  sedbaatosl  «trrijff,  KL  togocqfo  Mt?7,  awe  listed  to  FSgigg  5-35  sad 
are  reffteregrei  ay  toe  lagfys  diisgrsa*  off  Fisrxrs*  5-3®  togCTqgb  5-3@-  ffie  first 
2?  aesssges  pertoto  to  toe  csgiae  sad  are  toe  resalt  of  *  serfs*  off  Ifaatt 
eeeeedeaee  tests.  Beds  test  is  sboaes  to  *  bloA  saf  toe  logto  flaw  failles* 
toe  "yes?1  oar  "to*  bsreato  degeafiiag  oes  toe  zesaEts  off  toe  test.  Baar  ezasg£eg 
■ftfig  1C  sill  be  scftisi rted  ody  Iff  toe  ffallastog  ©oofiltlsses  exist: 

Bearlqg  $2  pressure  (32s)  sort  eaaeed  8  psi  aad  eitoer  besricg 
tesperetere  rise  axast  exceed  22Sf*F  at  bearing  #2  sost  cere  cMb 
laSicatiOQ . 

The  logic  for  aessage  MS  can  fee  written  as; 

Engine  Oil  Ttesperatare  greater  then  25©°? 

ed 

either  bearing  tajerature  rise  greeter  than  220°? 

or 

both  bearing  temperature  rises  greeter  than  220°?. 

Review  off  the  engine  diagnostics  shows  that  cost  messages  require  a 
double  exceedance  to  activate  or  flag  a  message.  A  s idler  technique  applies 
to  the  gear  box  logic  for  me-sages  Ml8  through  H21  in  that  a  single  exceedance 
require  an  inspection  while  two  exceedances  require  a  removal. 

The  logic  for  the  hydraulic  system  (M22  through  M25) ,  the  fuel  system 
(H26  through  H28),  and  the  electrical  system  (M 29  through  H32)  is  direct  and 
self  evident.  The  transmission  logic  generates  messages  M33  through  M4l. 
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Uhe  2sz£sz  fcr  KJ5  t&coqgh  ^j)8  ass  derlmed  taganghi  dSmrmsKScng  wdttfc  Sell 
re$gesggflgtt£aes  *ad  SOflattegSes  the  deg gee  sff  dMdsSds®  sfe£gSa  may  fee  cfrttsdacd. 
'SMs  KlccSg  scs  desert  c  bed  ttaaperefcace  sxSftcti  dfegj  cr  ft&e  cal  gaoler  ftbennel 
aalwt  cr  *a  easSrtarted  cO.  er*x&0~-  jtei?)  or  mocr  Sen  cgeretico  C*35$- 

Tbe  fan*l  set  of  Isgbr  £s  directed  tcssrds  tt&e  rotter  speed  wssrmqg  system 
The  i  latest  here  Is  not  to  daplisste  the  ggeseaft  elerer.  system,  aMhccgb  Scat 
©said  eattily  be  acsangliisbed,  bat  to  cbecar.  for  greger  egeretiso  of  tthe 
werrdqg  system,  This  logic  (gi:,aeretes  message*  if  toe  eadio  cr  nisad  alarms 
are  on  iosmrrertly  or  are  not  artiiefted  when  repaired. 

Cawri’ts  CO  SarcMrrSry  *fntt  «&nd  ^gnlT^5* 

The  Ball  Seiiccpter  Goroemy  reports  refereaced  in  Section  5-3-3  Irani  e5ed 
a  procedure  for  estimating  tbe  effects  of  creep,  low  cycle  fstigme,  ana 
tbermel  shoes  on  tbe  life  of  abe  engine  ferMoes.  These  fteartiems  are  also 
incorporated  isto  an  "skgine  Sissge  Indicator”  dereloped  by  tbe  Arc©  IjccmiEg 
Engine  Congacy.  Tbe  applicability  of  this  berdware  ccepoaent  was  considered 
in  tbe  initial  data  reviews  bat  wss  subsequently  deleted  as  being  sat  applicable 
in  tbe  scope  of  tbe  Test  Bed  Program.  The  reasons  for  this  deletion  are 
presented  in  tbe  following  paragraphs. 

Tbe  basic  hardware  component  developed  by  the  Avco  Lycoming  Company 
consists  primarily  of  analog  function  generation  and  integration  circuits 
which  in  turn  activate  three  mechanical  counters.  Tbe  functions  implemented 
in  this  component  are  within  the  capabilities  of  the  airborne  HSU  and  the 
basic  Lycoming  unit  was  thus  not  required.  However,  the  mechanical  counters 
were  purchased  in  anticipation  of  a  software  implementation  of  the  hot  end 
functions  and  diagnostics. 
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cdeigya  fo  tagfe.  Three  teste  teen  estlaete  tee  Ss&Zsm&sg  fa grfoiim*  (naacttf  noc; 

1-  Qreeg; 

2-  Ice  CpcEe  Fstigae;  «afi 

3-  Tftegaael  S&ocS:. 

Tbe  teres  teste  ere  eeca  dErstegfrd  is  separate  peragrates-  The  veriocs* 
Ifarste  *a5  tzslte  acre  osfgarf  ty  Ijcacirg;  aafi  extracted.  fzrxac  MzgesaMx  &  esT 
tee  ueftareaaeS  Sell  reports. 

Creep  aelrtenenre  is  recnestei  -area  tee  creep  sete  *•*»■»*?«  8  sssits/ 
ad  rate  «sr  wtea  tee  tests!  exposure  exceeds  200,000  tssite.  TEds  creep  rate 
«*©aM  not  occur  until  steedy  stete  casoaiteoc*  of  2£2i$>  snd  2iaO0®3  are 
encountered.  These  coodltlcos  were  not  experienced  im  the  Test  Bed  Program:. 
The  total  exposure  of  200,000  crate  wsold  require  either  very  long  operating 
tines  or  significant  engine  deterioration,  neither  of  which  were  encountered. 
For  Instance,  steady  state  operation  at  90^  %  and  2j600°H-wo03d  necessitate 
over  l800  boars  of  operation  to  accumulate  the  total  exposure  of  200,000  unite. 
Teas  creep  did  cot  appear  to  be  a  major  candidate  for  tbs  Test  Bed  Program. 

Meinte nance  as  a  function  of  low  cycle  fatigue  is  requested  -ben  its 
ac circulated  index  exceeds  ^5, 000.  The  index  is  a  function  of  tfae  changes  of 
3^  and  2GT  and  a  large  number  of  hot  starts  would  have  been  required  to 
reach  the  exposure  index  threshold.  The  index  for  a  speed  change  of  10Op 
and  an  EGT  change  of  1700°R  is  only  11  units  and  4000  starts  of  that  severity 
would  have  been  required  to  exercise  the  logic.  Thus  low  cycle  fatigue  was 
not  a  prime  diagnostic  candidate  for  the  Test  Bed  Program. 
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« 

cSscge  off  ass'  *a£  bes  e  sSage  of  6  Tszfts  per  IS©  (Sagaee^SceiaaS.  'ffecos 
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of  ft&e  Bell  repeats  wes  mfeaed  fa  cetsfl  *3*  wes'Ja^ed  to  be  beynof  tbe 
swroe  of  sbe  J&ES3S  Itest  Bed,  Seagram.  fbe  besic  egezroerb  is  witfcfa  tbe 
capability  of  fas  *HSgS  ME?  era  ssaM  be  £2  s  gge-profeariiias 

system  to  resatw  tae  rfaasiring  fssaes  IT  so  desired.  Ibe  sfijor  taresoii*ed 
issoe  Is  «rasi  ergesare  icner  sbocaM  be  ased  folloafqg  toe  oierseal  of  ea 
eggfoe.  “Sbls  topic  sbeoid  be  iasestigeted.  by  tae  cqgjae  aecnfsctgrer  prior 
to  toe  egearogartioa  srtiTity. 
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focranera feare,  asi  gas  ggaSaser  and  sewer  fczbias  speeds  as  disaassss.  is 
Section  %_9-  These  measured  paraaeters  are  then  couMrea  to  form  6  explicit 
engine  parameter  ratios; 

$,  = 

0,  *  -Zl/5i9- 

?S5C  =  ?S3/  $s 
-73c  "  ^3^  0* 

*FC  =  *»?/  $,0,  ”* 

sh?c  =  #2n2  / 

»lc  = 

tT9C  “  779/  0, 

The  G3s  Path  Analysis  then  used  Ps3C  85  *'^e  independent  variable  to 
define  the  baseline  values  of  Wpc,  SK?C,  and  T-j^  so  that  the 

percent  variations  of  each  neasured  parameter  ratio  could  be  evaluated.  These 
known  or  explicit  paraceters  tiere  then  combined  to  calculate  the  status  of  the 
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iatpEncrEa.  epgroe  health  as  defined  by  s&e  fcllosfiiras  six  parameters:* 


©aanressor  airflow;  - 

See  Secticc  6 J2*2 

d>le  = 

cogpr&vscr  efficieccy; 

for  instructions 
on  evaluating 

^•^3  C®-  3fjA) 

*  gas  grodacer  turbine  area; 

implicit  engine 
variables  firaa  the 

AlfT  - 

gts  groffacer  nurbice  efficiency; 

measured  dependent 
gjjg ine  values. 

power  turbine  efficiency;  and 

= 

tertsdoe  islet  temperature. 

=  power  tarbisi/e  area.' 

The  diagnostic  logic  is  t asm  based  oq  these  illicit  eralueticcs  as  oiymgH 
below: 

5.3.%.2  Ease  Collectica 

A  flow  aiagrejD  of  the  coaraiete  gas  path  analysis  is  presented  in  Figure 
son  the  diagnostic  messages  are  tabulated  in  Table  5.2.  Tee  data  is  first 
converted  to  engineering  units  and  then  the  6  explicit  engine  parameter 
ratios  are  evaluated.  The  engine  steady  state  tests  as  discussed  in  paragraph 
5.2.fc.2  ere  then  conducted.  Tee  frame  of  data  is  ignored  if  the  engine:  is 
not  in  steady  state  or  in  an  acceptable  power  window  (refer  to  paragraph 
5-2. k. 3  for  window  definition).  If  steady  state  tests  are  satisfied,  values 
for  Ii^c.  wpc>  end  T^^r;  are  calculated  8s  a  function  of  ?S3C  8n&  the 

individual  variation  of  the  actual  data  from  the  respective  predefined  baseline 
values  is  evaluate-:.  These  5  variations,  AT>p3,  A  Nlc,  A  Vp^,  A  SHPp,  and 
A  **T9c  (obtained  directly  from  measured  signals)  and  thus  explicit  deltas 
are  then  investigated  to  sea  if  they  have  exceeded  reasonable  tolerances.  If 
any  sensors  are  suspect,  this  step  completes  a  data  collection  segment  of  the 
program  and  data  analysis  may  commence. 
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5-3-^-3  Beta  Analysis 

Tbe  data  analysis  consists  of  evaluating  the  health  of  the  engine  and 
identifying  the  required  Maintenance  action.  The  variations  of  the  5 
explicit  variations  are  symptoms  of  the  engine  health.  These  five  explicit 
deltas  are  then  combined  to  identify  the  variations  in  six  implicit  engine 
parameters: 

AHe  -  =  caenresscr  airflow; 

Atfc  =  compressor  efficiency; 

A  =  gas  producer  turbine  area; 

Al/T  =  gas  producer  turbine  efficiency; 

AAjj  =  power  turbine  area;  and 

ATt5;  gas  producer  turbine  inlet  temperature. 

The  required  maintenance  action  is  then  dependent  upon  these  6  implicit 
variations.  The  first  series  of  diagnostic  tests  are  directed  at  the  gas 
producer  turbine:  Variations  in  nozzle  area  and  turbine  efficiency  may  result 
in  either  inspection  or  replacement  of  the  turbine  rotor  or  nozzles.  It  is 
also  possible  to  distinguish  between  closed  or  coked  or  eroded  nozzles. 

The  next  test  is  brief  and  identifies  power  turbine  problems.  A  more 
complete  analysis  and  diagnosis  would  be  obtained  if  the  pressure  and  temp¬ 
erature  between  the  two  turbines  could  measured. 

The  next  major  series  of  tests  involves  compressor  airflow  and  efficiency. 
A  deterioration  of  either  parameter  will  result  in  a  warning  or  caution 
message.  Sufficient  degradation  of  both  parameters  yields  the  conclusion  that 
the  compressor  rigging  needs  adjusting  or  that  the  compressor  should  be  re¬ 
placed  . 
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3.4.3  Continued 

The  final  series  of  tests  contain  two  branches  which  are  dependent  on 
the  results  of  the  preceding  analysis.  Fuel  flow  is  examined  if  no  fault 
has  been  detected  and  turbine  inlet  temperature  (  A  Tt5)  is  examined  if  a 
fault  has  been  detected.  A  fuel  flow  deviation,  with  no  other  diagnostic, 
would  reflect  tether  a  sensor  malfunction  or  a  deviation  in  the  associated 
burner  hardware.  The  opera 'ion  of  the  fuel  flow  sensor  is  investigated 
during  the  preliminary  analysis  steps  as  previously  discussed.  The  fuel 
flow  deviation  is  then  indicative  of  the  health  of  the  burner  nozzles, 
liner,  and  diffuser.  The  turbine  inlet  temperature  change  is  examined  to 
define  the  need  for  an  overtemperature  inspection.  The  need  for  this  in¬ 
spection  is  based  on  an  extrapolation  of  the  data  obtained  during  normal 
engine  operation  at  moderate  powers.  If  the  turbine  temperature  is  high 
at  moderate  powers  it  will  probably  also  be  high  and  exceed  its  fixed  limits 
if  the  engine  controls  requested  a  transient  high  power  condition.  This 
high  temperature  diagnostic  is  thus  inferred  from  normal  flight  conditions. 

.3.4.4  Diagnostic  Limits 

The  diagnostic  limits  which  are  shown  in  Figure  5-40  as  LI  through  L8 
are  quite  flexible  and  may  be  adjusted  as  desired  in  a  production  system. 

Fixed  limits  of  2 5$  for  LI,  2.5$  for  L2  through  L6,  and  5$  for  L7  and  L8 
were  used  in  the  Test  Bed  Program  because  of  the  conservative  approach  used 
in  selecting  degraded  components.  These  limits  would  be  much  larger  in  a 
production  system  and  may  even  vary  with  the  particular  engine.  For  instance, 
two  new  engines  may  exhibit  an  airflow  difference  of  10$  as  discussed  in 
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3.4.4  Continued 

paragraph  5. 2-4. 4,  The  diagnostic  limit  for  the  better  engine  would  then  be 
IQtjo  higher  than  that  imposed  on  the  poorer  engine.  The  Gas  Path  Analysis 
thus  has  sufficient  resolution  to  isolate  the  multiple  degradations  commonly 
produced  by  normal  wear  and  still  incorporate  normal  engine  to  engine 
tolerances . 

3.4.9  Ground  Processing  Diagnostic  Investigations 

The  IBM  370  computer  was  used  as  a  development  tool  in  the  Test  Bed 
Program  to  examine  alternate  applications  of  the  diagnostic  technique.  This 
flexibility  was  provided  to  improve  the  confidence  in  the  final  application 
as  to  the  proper  method  of  diagnosing  engine  health  condition.  Several 
alternate  approaches  were  investigated  as  outlined  below  with  the  indicated 
results . 

The  individual  frame  data  was  examined  to  de ..ermine  if  an  arithmetic 
average  for  each  signal  was  correct  c>*  if  a  statistical  "wild  point"  technique 
was  required  to  improve  the  data  credibility.  This  comparision  exhibf  -VI 
little  difference  between  the  two  sets  of  data  and  demonstrated  that  the 
simpler  arithmetic  average  could  be  employed. 

A  diagnostic  analysis  based  ou  an  average  of  all  valid  frames  in  a  given 
flight  was  compared  to  the  same  analysis  of  individual  frames.  This  comparison 
confirmed  that  the  analysis  based  on  the  average  of  all  valid  flight  frames 
would  yield  proper  results  and  tended  to  minimize  the  effect  of  odd  frames. 
These  odd  frames  were  produced  by  the  normally  noisy  environment  and  because 
an  absolute  steady  state  test  cannot  really  be  defined  as  outlined  below. 
Analysis  of  individual  frames  could  thus  result  in  improper  diagnostics. 
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Continued 

The  engine  steady  state  tests  as  described  in  paragraph  5. 2. 4. 2. were 
refined  on  the  IBM  370  computer.  Perfect  steady  state  tests,  or  a  test  for 
absolute  stability,  would  require  that  a  condition  be  unchanged  for  long 
periods  of  time  which  is  an  impractical  requirement.  The  combination  of 
reasonable  steady  state  tests  and  averaging  an  entire  flight  then  tends  to 
minimize  the  effect  of  individual  frames  of  data  which  are  collected  during 
the  approach  to  steady  state. 

A  diagnostic  analysis  based  on  an  average  of  all  valid  flight  frames 
was  compared  with  the  analysis  based  on  the  average  data  in  each  power 
window.  This  comparison  confirmed  that  multiple  power  windows  are  required 
to  define  the  baseline  characteristics  and  that  an  average  set  of  variations 
for  the  entire  flight  would  yield  acceptable  diagnostic  results. 

A  comparison  of  the  analytical  results  using  baselines  as  a  function  of 
compressor  pressure  (PS3/  5, )  and  compressor  speed  (Ni/ ^*0,  )  indicated  that 
the  use  of  pressure  yielded  somewhat  better  results .  The  use  of  speed  as  the 
independent  variable  tended  to  amplify  any  inherent  noise  in  the  system  through 
the  action  of  the  steeper  baseline  characteristics. 

Thus  the  IBM  370  computer  served  as  an  effective  development  tool  in 
refining  the  Gas  Path  Analysis  technique.  A  commercial  computer  such  as  the 
IBM  370  is  not  a  requirement  for  a  production  A3DAPS  system  because  the 
diagnostics  can  be  accomplished  in  the  helicopter.  However,  such  a  computer 
may  be  desirable  at  the  depot  level  if  elaborate  history  files  are  to  be 
maintained  on  an  entire  fleet  of  aircraft.  ✓ 
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5. 3. 5.1 
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5. 3. 5. 2 


AID APS  Trend  Program  Discussion 

One  objective  of  the  AIDAPS  Test  Bed  Program  was  to  examine  the  helicopter 
engine  operation  for  long  term  trends  and  to  investigate  the  effectiveness 
of  this  tool  in  extending  the  time  between  engine  overhaul  (TBO).  The  two 
UHl-H  helicopters  which  were  used  for  the  Test  Bed  Program  had  tail  numbers 
61011  and  17223.  Helicopter  17223  was  devoted  to  collecting  data  for  the 
trend  analysis  and  helicopter  component  changes  were  not  introduced  into 
this  aircraft.  The  planned  part  changes  of  AC  61011  prevented  data  accum¬ 
ulation  for  any  significant  operating  time  with  a  fixed  hardware  configuration. 
Thus  the  flight  data  obtained  from  AC  17223  has  been  utilized  exclusively  for 
the  trend  analysis. 

Trend  Data  Collection 

The  initial  flight  objectives  were  established  in  an  attempt  to  collect 
data  for  every  hour  of  flight.  The  accumulation  of  time  on  the  aircraft  was 
found  to  be  very  slow  under  this  procedure  and  revisions  were  initiated  in 
order  to  more  rapidly  accumulate  aircraft  time.  These  revisions  included 
longer  cross  country  flights  and  even  some  overnight  flights.  Data  collection 
flights  were  then  initiated  every  10  to  20  hours  of  aircraft  time.  However; 
the  total  data  exposure  for  this  one  aircraft  was  onDy  245  hours  which  is 
approximately  25$  of  the  current  TBO  for  the  UH-1. 

Trend  Parameters 

The  parameters  to  be  included  in  the  trend  data  were  limited  to  those 
parameters  most  indicative  of  the  helicopter  capability.  These  parameters 
and  their  respective  trend  limits  are  presented  in  Table  5.3.  The  gas  path 
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5.3»5.2  Continued , 

parameter  limits  were  derived  by  Hamilton  Standard  and  reflect  the  present 
estimate  of  deterioration  at  which  an  overhaul  should  be  initiated.  It  must ! 
be  noted  that  a  firm’  basis  for  these  limits  has  not  been  established  and  that 

»  '  i 

more  long  term  data  is  required  before  a  production-type  limit  can  be  defined. 
The  mechanical  trend  limits  were  extracted  from  the  Army  furnished  Beil 
Helicopter  reports  which  are  referenced  in  paragraph  5.3.4.  ’ 

5. 3. 5. 3  Trend  Analysis 

The  trend  analysis  program  utilized  the  'data  obtained  from  the  IBM  370 

* 

programs  in  order  to  provide  the  capability  of  developing  alternate  analytical 

i 

approaches.  The  current  trend  program  consists  of  tv*o  distinct  portions  as 

1  ,  i 

discussed  below:  ! 

i 

1.  Data  Collection  and  Averaging;  and 

2.  Data  Analysis 

5. 3.5. 3.1  Data  Collection  and  Averaging 

The  data  collection  and  averaging  program  functions  to  compact  the  valid 

information  from  a  flight  into  the  average  value  for  each  parameter  of  interest. 

*  | 

Valid  information  for  this  prc^/am  includes  that  data  which  has  successfuly 
passed  the  steady  state  tests  which  were  discussed  in  paragraph  5. 2. 4. 2.  The 
result  of  these  steady  state  tests  is  depicted  in  Figure  5-41.  The  first 
sketch  (i)  illustrates  a  possible  flight  and  includes  both  the  steady  state 
data  and  transient  data.  This  transient  data  has  been  shown  to  produce 
erroneous  results,  and  the  elimination  of  it  produces  the  data  set  shown  in 
Sketch  II.  The  previously  discussed  data  collection  then  results  in  the 
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effective  values  of  Sketch  III.  The  initial  portion  of  the  flight  is  deleted 
because  it  is  outside  of  the  desired  power  windows.  Thus  the  steady  state 
tests  also  serve  to  compress  the  large  amount  of  flight  date  into  a  meaningful 
measure  of  the  helicopter  operation. 

The  data  collection  program  was  established  to  isolate  the  valid  data 
as  a  function  of  the  four  power  windows  discussed  in  Paragraph  5. 2. 4. 3  in 
order  to  allow  an  examination  of  possible  trends  as  a  function  of  engine 
power  conditions.  Very  little  steady  state  data  was  obtained  in  either  the 
high  or  low  power  window  and  most  of  the  stable  conditions  occurred  between 
500  and  1000  horsepower.  Subsequent  discussions  with  Bell  Helicopter 
representatives  and  analysis  of  the  engine  capabilities  revealed  that  the  UH-1H 
helicopter  engine  produced  more  power  than  required  for  the  Test  Bed  Program 
loads.  The  extreme  power  ranges  were  only  encountered  during  high  velocity 
climbs  and  moderate  velocity  descents,  respectively,  and  neither  of  these 
operating  regimes  are  engine  steady  state  conditions.  The  minimal  data  in 
the  high  and  low  power  windows  was  then  too  scattered  in  time  and  quantity 
to  be  useful  in  the  trend  analysis. 

Thus  the  result  of  the  data  collection  program  is  a  measure  of  the  parameter 
values,  the  time  of  occurrence  in  the  flight,  and  the  number  of  valid  data 
points  in  each  flight  for  each  power  window  which  was  encountered. 

.3. 5. 3. 2  Analysis  Program 

The  primary  objective  of  the  trend  analysis  program  is  to  extend  the 
current  data  and  predict  when  an  overhaul  will  be  required  on  any  component. 

Three  questions  are  immediately  raised  in  the  prediction  process. 
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1.  wiiaL  type  of  curve  should  be  used  to  extrapolate  the  available  data? 

2.  What  is  the  proper  point  in  history  for  the  data? 

3.  Are  the  effects  of  umisal  flights  considered  properly? 

These  questions  are  considered  in  the  following  paragraphs. 

The  best  curve  to  be  utilized  in  the  prognosis  should  be  obtained  by 
monitoring  the  trend  of  many  helicopters  on  a  long  term  basis.  This  could 
be  accomplished  by  establishing  a  data  base  during  a  pre-production  program. 
However,  this  data  was  not  available  and  alternate  approaches  were  investigated. 
The  current  technique  permits  a  first  order  approximation  to  most  curves 
without  an  elaborate  curve  fitting  algorithm.  A  series  of  straight  lines  are 
used  to  fit  the  data  as  shown  by  the  examples  in  Figure  5-42.  This  figure 
assumes  typical  trend  curves  and  shows  how  three  straight  lines  may  be  used 
to  approximate  the  data.  The  technique  thus  utilized  the  most  recent  data  to 
predict  short  term  trends  (time  span  l) ,  the  next  eldest  data  to  predict 
moderate  trends  (time  span  2)  and  the  oldest  data  to  predict  long  term 
trends  (time  span  3) •  The  time  spans  selected  for  the  Test  Bed  Program  were 
10  and  100  hours  for  time  spans  land  2  respectively.  Any  data  over  100  hours 
prior  to  the  current  aircraft  time  was  used  in  time  span  3. 

The  second  question  in  prognostics  concerns  the  proper  point  in  history 
for  the  data..  This  question  was  of  secondary  importance  in  the  moderate  and 
long  term  trends  but  is  important  in  establishing  the  short  term  trends  of  time 
span  1.  The  trend  program  utilized  the  aircraft  age  at  the  start  of  a  flight 
(hours  since  overhaul)  and  the  time  into  the  flight  at  which  the  data  was 
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enjcouutered  to  define  the  sctoel  tine  singe  overhaul  st  which  the  decs  wss 
*.  obtained.  TSzrs  date  which  is  obtained  during  the  first  \  hour  of  one  3  hour 

flight  and  during  the  ficel^  hoar  of  the  next  3  hoar  flight  was  (and  should 
be)  analyzed  using  the  actual  time  differential  of  5  hoars  rather  than  the 
artifical  tine  of  3  hoars  (the  flight  duration). 

The  third  question  involving  the  treatnent  of  unusual  flights  was  resolved 
by  documenting  the  number  of  valid  f raise s  of  data  in  each  power  window.  A 
flight  with  few  valid  frames  could  then  be  considered  as  unusual  if  the  data 
disagreed  with  the  many  valid  f races  which  occurred  in  the  flights  before  and 
after  the  unusual  flight.  Documenting  the  number  of  valid  frames  then  allowed 
the  effect  of  unusual  flight  on  the  normal  trend  to  be  minimized. 

The  final  trend  analysis  program  includes  the  previously  described 
steps  as  presented  in  the  flow  diagram  of  Figure  5-43-  The  program  first 
reads  new  data  into  span  1.  Old  data  is  shifted  to  the  next  span  if  the 
time  spread  in  a  span  exceeds  the  desired  time.  The  process  is  continued 
until  ell  available  data  has  been  assigned  to  the  proper  time  span  and  power 
window. 

All  data  now  exists  as  effective  values  for  each  parameter  st  four  power 
conditions  and  3  time  spans.  A  linear  equation  is  then  determined  for  each 
parameter-power-time  span  set  using  the  least  squares  fit  approach.  The  data 
and  trend  lines  are  then  plotted  in  order  to  graphically  present  developing 
trends.  The  derivation  of  the  generic  trend  line  equations  is  presented  in 
Figure  5-44. 
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PS nelly,  toe  trend  lines  ere  ecaated  to  tfce  present  mlftecfcioQ  limits 
and  a  total  effccti^  life  for  each  parameter  is  defined.  Eas  life  is  the 
intersection  of  the  treed  line  end  the  parameter  limit,  of  Table  5-3-  TMs 
tine  weald  then  be  useful  in  scheduling  maintenance  since  it  is  the  time  et 
which  a  diagnostic  would  be  encountered.  The  actual  maintenance  action  to 
be  performed  would  be  obtained  from  the  diagnostic  logics  of  paragraph 
5-3-*».2  for  mechanical  parameters  and  paragraph  5-3-5-2  for  gas  path 
parameters. 
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Ites  secfclcci  is  pariaterily  ccoaerrad  with  applying  toe  data  cfcteioed 
daring  the  fliggst  phase  of  the  Test  Bed  fycgraai.  The  werificefcioG  test 
results  ere  cocaneoted  ia  Sectiosa  7.  Bespits  of  the  Gas  Bstra  Analysis,  sod 
a  derivaticca  of  toe  basic  analytical  technique,  are  presented  io  Section  6.2. 
Mechanical  diagnostic  logic  results,  which  include  the  contributions  of 
Avco  Lycoming  Engine  Company  and  Bell  Helicopter  Compiay,  are  presented  in 
Section  6.3.  Section  6.4  documents  tee  results  of  the  vibration  aielysis. 


The  Gas  Bath 


tical  Tecimioue 


i  <.2.1  A  full  appreciation  of  the  Gas  Bath  Analysis  Technique  requires  that  a  basic 
understanding  of  the  engine  signals  utilized  be  provided. 

A  schematic  rendering  of  the  AID  APS  engine  Is  presented  in  Figure  6-1. 

The  station  designations  are  as  indicated,  and  the  general  gas  flew  path  is 
indicated  by  arrows.  A  brief  discussion  of  the  parameters  which  are  utilized 
in  the  Gas  Path  Analysis  is  presented  in  the  following  paragraphs. 

(•.2.1.1  Engine  inlet  total  pressure  (Bp)  was  measured  at  the  aircraft  probe.  This 

would  be  the  same  pressure  that  exists  at  station  T  and  includes  the  effects 
of  airspeed  and  altitude.  Pressure  Bp  is  a  referencing  parameter  used  to 
compensate  for  varying  air  density. 

(•.2.1.2  Compressor  inlet  temperature  (T^i)  was  measured  at  station  1.  This  temperature 
is  a  referencing  parameter  used  to  compensate  for  varying  air  density  and 
to  correct  the  internal  engine  temperatures  for  non-standard  day  conditions. 
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6.2.1.3  Oaepeessor  dlscgwgge  presssra  (Pg)  ms  asssorcd  st  sttsfctssc  3-  UMs  pressssre, 
is  esQ^taeeltlim  wit h  Sfc,  is  s  of  ti*  pressure  ratio  beisg  dewdoped 

by  tbe  compressor  sad  tfass  the  geaersi  power  pofeesttsl  of  tbs  emgiae. 

Compressor  paressaze  ratio  (%^r)  i s  used  as  tbe  iadepeadeat  peraneter  ira 
establishing  engine  jseaeline  emraoteri sties . 

6.2.2.%  Compresses-  discharge  tesperatare  (^3)  was  aeasazed  at  station  3.  ffels 
teanpereiure  is  iaportaat  in  defining  the  tiaereodynezac  efficiency  of  the 
compressor  end  tbe  gss  prodscer  tszrbiae  efficiency-  Temperature  Tjg  exerts 
a  secondary  effect  os  tbe  turbine  inlet  temperature  and  turbine  area  calcul¬ 
ations  . 

6.2.1.5  Engine  fuel  flew  (S*p)  was  aeasured  at  a  lew  pressure  point  between  the  fuel 
tanks  and  tbe  fuel  control.  Fuel  flow  is  a  measure  of  tbe  energy  available 
to  the  power  plant  and  exerts  a  strong  effect  on  compressor  airflow  and  tbe 
turbine  areas. 

6. 2.1. 6  Exhaust  gas  temperature  (Tyq)  was  measured  at  station  9  using  the  thermo¬ 
couple  ring  which  is  inherent  with  this  engine.  This  temperature  is  required 
to  develop  the  thermodynamic  efficiency  relationships  in  the  engine  and  has 

a  major  influence  on  all  other  calculations. 

6.2.1. 7  Gas  producer  speed  (Ni)  was  measured  at  the  available  aircraft  tachometer. 

This  speed  exerts  a  major  influence  on  the  compressor  airflow  evaluations. 

6. 2. 1.8  Power  turbine  speed  (N2)  was  measured  at  the  available  aircraft  tachometer. 

This  speed  is  required  to  convert  the  measured  torque  to  shaft  horsepower. 

6. 2. 1.9  Power  turbine  torque  (#2)  was  measured  using  the  torquemeter  which  is  in¬ 
herent  with  this  engine.  Tcrque  and  power  turbine  speed  are  used  to  recalculate 
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shaft  horsepower  which  has  •  ttrogg  effect  in  &***n$*g  the  power  tarbine 
efficiency  variaticos.  Shaft  horsepower  has  e  secaaSsry  (oat  cot  negligible) 
effect  acs  toe  other  engine  calculations. 
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A  primary  objective  of  the  AMIES  program  is  to  e validate  the  state  of 
BTcrhanical  health  of  the  airframe  pcwerplant.  In  a  general  sense,  the  engine 
TT-ry  foe  viewed  as  being  comprised  of  accessory  equipment,  rotational  mechani¬ 
cal  equipment,  and  energy  converting  gas  path  elements .  The  accessory  equip¬ 
ment  include  such  elements  as  the  fuel  control,  fuel  pump,  lubrication 
system,  ignition  system,  hydraulic  power  system,  and  engine  air  bleed  system. 
The  rotational  mechanical  equipment  includes  the  various  gear  boxes  and 
transmission  elements  and  the  main  engine  bearings.  The  gas  path  elements 
include  the  compressor,  the  burner,  the  gas  generator  turbine  and  the  free 
power  turbine.  Program  treatment  of  the  accessory  and  rotational  equipment 
is  dealt  with  in  Section  6.3  -  6.5*  and  this  section  will  confine  itself  to 
a  theoretical  consideration  of  the  gas  path  elements.  The  actual  implemen¬ 
tation  of  the  technique  is  presented  in  Section  5.3. 

The  parameters  available  to  use  as  a  basis  for  judgement  of  gas  path 
relative  health  are  various  corrected  temperatures,  pressures,  fuel  flow, 
engine  speed  and  output  horsepower  as  outlined  in  paragraph  6.2.3.  As  a 
generality,  differences  in  these  parameters  from  their  expected  values  can 
be  used  to  infere.itleUy  determine  which  elements  of  the  gas  path  have  under¬ 
gone  distress,  or  departed  from  their  initial  or  expected  condition.  The 
key  word  here  is  "inferentially”;  it  must  be  stressed  that  any  parameter  in 
itself  is  not  directly  indicative  of  faults  in  any  particular  element.  For 
example,  at  any  given  speed  a  change  in  compressor  discharge  pressure  does 
not  necessarily  mean  there  is  a  compressor  fault.  The  change  may  be  because 
of  a  combined  compressor  and  turbine  fault,  or  due  to  a  turbine  fault  alone. 
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The  primary  independent  variables  of  the  gas  path  are  the  compressor 
air  pumping  capacity  and  efficiency,  the  burner  efficiency,  the  gas  genera¬ 
tor  turbine  inlet  nozzle  area,  inlet  temperature  and  efficiency,  and  the 
power  turbine  inlet  nozzle  area  and  efficiency.  These  implicit  parameters 
are  not  directly  measurable  but  can  be  derived  from  various  measurable 
explicit  dependent  variables. 

Fundamentally,  the  parameters  being  measured  are  dependent  variables 
whose  absolute  values  depend  on  the  absolute  levels  of  all  the  primary  in¬ 
dependent  engine  variables.  Concomitantly,  changes  in  the  primary  but 
unmeasurable  independent  variables  result  in  changes  in  the  measurable 
dependent  variable.  .  Therefore,  any  diagnostic  system  which  hopes  to  isolate 
ga:-.  path  faults  must  be  capable  of  interrelating  changes  in  the  dependent 
measurable  parameters  to  changes  in  the  independent  unmeasurable  parameters. 

A  flow  chart  showing  the  Hamilton  Standard  approach  to  this  problem, 
used  in  the  AIDAPS  program  is  shown  in  Figure  6-2.  Looking  at  this  chart; 
since  the  approach  is  based  on  interrelating  differential  changes,  the  first 
task  is  to  gather  base  line  data  in  the  useful  power  range  on  the  parameters 
to  be  measured.  On  the  T53L13  engine  the  corrected  parameters  available  are 

Ni/V§l»  T3/el»  wf/ <5i6iy,  HP/  6iV®l>  t9/01  and  p3/  ^  1*  As  shown  in  Figure 
6-2,  the  first  five  parameters  are  stored  as  functions  of  P 3/6^. 

If  there  were  no  engine-to-engine  variation  among  new  production  line 
engines,  the  stored  baselines  for  all  engines  could  be  a  single  set  of 
nominal  baselines.  In  point  of  fact,  new  engine  variability  is  of  the  same 
order  of  magnitude  as  the  deterioration  changes  being  sought;  and,  therefore, 
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Individual  custom  baselines  of  the  particular  engines  in  their  "new"  state 
must  be  stored.  At  any  point  in  time  after  the  engine  has  been  used  or 
abused  (installed  Time  >  0)  measurements  are  repeated  on  the  dependent  vari¬ 
ables  and  the  differences  calculated  between  their  respective  baseline  values 
and  present  state  values  at  the  measured  value  of  P3/ 6  These  differences 
are  used  in  an  interrelationship  matrix,  explained  subsequently,  to  determine 
what  changes  if  any,  and  in  whatever  combination,  have  occurred  in  the  basic 
independent  parameters.  The  ability  of  Gas  Path  Analysis  to  sort  out  multiple 
faults  is  a  key  advantage  over  previous  techniques  such  as  a  fault  coefficient 
matrix.  If  there  are  any  changes  in  any  of  the  independent  variables,  these 
are  put  through  a  diagnostic  logic  routine  which  then  ennunciates  the  probable 
causes  of  the  fault  or  faults  and  the  action  to  be  taken. 

From  the  preceeding,  an  obvious  requirement  for  successful  diagnostics 
is  a  means  to  interrelate  changes  in  measured  variables  with  basic  engine 
faults.  The  most  widely  known  prior  technique  in  the  industry  relies  on 
measuring  changes  in  the  dependent  variables  and  comparing  them  with  tables 
cf  pre-calculated  expected  deviations  in  these  parameters  (fault  coefficients) 
for  various  possible  engine  faults  to  determine  the  statistically  most 
probable  single  fault.  The  obvious  shortcomings  of  this  technique  are  that 
is  is  often  statistically  and  thermodynamically  possible  to  have  multiple 
faults  occurring  wherein  the  effects  of  one  fault  will  mask,  cancel  out  or 
confuse  the  effects  of  the  other  fault  on  the  chosen  parameters,  and  that  it 
is  mathematically  and  thermodynamically  possible  for  a  set  of  multiple  faults 
to  have  an  undistinguishably  similar  effect  on  the  chosen  parameters  as  a 
totally  unrelated  single  fault. 
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The  importance  of  this  problem  becomes  obvious  when  it  5  s  realized  that 
multiple  faults  must  occur  in  a  physical  system  such  as  a  turbine  engine.  A 
properly  designed  system  will  experience  a  relatively  uniform  wear  in  all 
components  ( compressor,  turbines,  burners,  etc.).  A  single  failure  of  a 
component  say  occur  due  to  unusual  damage  conditions  but  the  general  tendency 
vill  result  in  continual  wear  of  all  components.  Thus  the  diagnostic  system 
must  isolate  the  multiple  faults  vhich  vill  commonly  occur.  The  new  concept 
for  Gas  path  Analysis  .Implied  in  Figure  6-2  has  been  previously  developed 
by  Hamilton  Standard  and  applied  to  the  AXMPS  program  permits  the  simutan- 
eous  evaluation  of  all  possible  primary  faults  within  the  gas  path. 

A  fundamental  premise  of  the  H.S.  concept,  as  stated  above,  is  that  the 
measurable  engine  parameters  are  dependent  variables,  changes  in  which,  at 
any  given  power  and  x'light  condition,  are  brought  abrut  by  deviations  in  the 
fundamentally  independent  component  performance  parameters.  Using  the 
techniques  found  in  "Gas  Turbine  Engine  Parameter  Interrelationships",  a  book 
published  by  Hamilton  Standard,  It  can  be  shown  that  a  general  influence 
coefficient  matrix  may  be  written  for  the  T53H3  engine  defining  the  set  of 
differential  equations  interrelating  the  various  engine  performance  parameters. 
Looking  at  the  major  parameters  of  Interest,  it  would  be  of  the  form  shown 
in  Table  6.1. 

The  means  to  use  this  general  matrix  to  perform  gas  path  analysis  is 
as  follows: 

1,  As  previously  mentioned,  gather  and  store  engines  steady  state  base- 

y 

lines,  over  the  operating  range  of  interest,  of  6^0^  , 
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HP/  6 1  and  T^/Oj  as  functions  of  Pg/ 6 

2)  At  any  point  in  the  engine's  life,  operate  the  engine  in  steady  state, 
at  any  flight  condition  and  at  any  arbitrary  power  condition  within 
the  baseline  range,  and  remeasure  the  corrected  parameters  of  step  1, 

3)  At  the  measured  value  of  P3/ 6 1  compute 

d  =  (Ni/  ©1)  measured  -  (N]_/  JQj)  base  line 

Hl7  J®!  (Ni4/^i)  base  line 

and  similarly  for  the  other  corrected  parameters. 

4)  Let  the  measured  corrected  quantity  differences  be  called 

d$l/  -  xa;  d  T3/61  =  xb;  awf/di©/  =  xc 

Nl/>T«1  “  “T375T  Wf/diCi^ 

0  HP/61 /©i  =  xd;  0^/©i  =  xe 

HP/6l/©l  Tg/©! 

5)  Extract  from  the  general  influence  coefficient  matrix  its  pertinent 
elements . 

Per  jo 

"l/Jej. 

T5/81  ( =xa)  r  1  >Jc  I)  b  A5  1)  t  ^pt 


V*i  - 

.129 

.746 

,202  -  402 

0 

-.202 

CO 

0 

• 

0 

=xb 

P3/61  = 

.397 

2.299 

.621  .087 

0 

-.621 

.087 

0 

=0 

Wf/ii©iy  = 

1.918 

1.782 

.482  .365 

l 

.518 

-.072 

0 

=xc 

HP/  6  ls/©i  = 

2.233 

2.703 

.731  1.778 

0 

.269 

1.548 

1.0 

=xd 

1^/©1  « 

.904 

-.484 

-.131  -.031 

0 

.131 

-.261 

-.153 

=xe 

An  = 

-1.097 

1.849 

.500-1.347 

0 

.500 

-1.450 

0 
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The  numerical  values  shown  are  for  a  medium  power  condition 

I  ; 

'  (P3/t,  =  78  psi,  HPpt#  750).-  The  engine  nonlinearities  would 

I  I 

•  introduce  only  minor  second  order’  differences  in  these  coefficients 

at  other  power  conditions.  ' 

■  » 

6)  This  matrix  represents  a  set  of  six  differential  equations  in  terns 

1  • 

of  six  kncwns  and  eight  unknowns.  To  make  this  solveable,  recognize  ’ 

the  following:  .  ,  1 

a)  Actual^  b  variations  rarely  occur  and  even  then  tend  to  be 
,  negligible.  Burner  problems  are  more  likely  to  manifest 

themselves  as  variations  in  the  downstream  temperature  pr07 
file  and  can  be  detected  by  the  profile  shown  tyy  the  EGT  rakes. 

b)  Power  turbine  nozzle  (An)  warping  or  burning  and  q  pt  varia¬ 
tions  will  accompany  each  other.  As  a  good  first  approximation 

I 

let  tf  pt  change  =  -An  change.  Although  this  correspondence 

1 

will  not  always  be  exact,  at  least  the  faults,  will  be  isolated 

l  ,  ,  I 

to  the  proper  component.  More  precise  evaluation  of  the  exact 
changes  would  demand  measurement  of  at  least  one  more  parameter; 
for  instance,  P7/  Q  1,  the  inter-turbine  pressure. 
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7)  The  rearranged  matrix  in  its  specifically  used  simplified  form  there¬ 


fore  is: 


i>  Change  In 

t5 

®1 

n 

^c 

A5 

T)t 

V  Pt 

. 

.129 

.202 

-«4o2 

-.202 

.028 

=  xb  -  .746  x  a 

.39  r 

.621 

.087 

-.621 

.087 

0 

=  -2.299  x  a 

1.918 

.482 

.365 

• 

vn 

H 

CD 

-.072 

0 

=  xc  -  1.782  x  a 

2.233 

.731 

1.778 

.269 

1.548 

1.00 

=  xd  -  2.703  x  a 

1 

.904 

-.131 

-.031 

.131 

-.261 

-.153 

=  xe  +  .484  x  a 

-1.097 

.500 

-1.347 

• 

O 

O 

-1.450 

0 

=  pt  -  1.849  x  : 

This  now  represents  a  solveable  set  of  equations. 

8)  By  matrix  inversion,  this  matrix  may  be  inverted  to  form  the  following 
simple  set  of  equations,  which  are  solveable  by  the  basic  operations  of 


multiplication  and  addition: 


io  Change  In 

xa 

.  xb 

xc  xd  xe 

V©i = 

0 

.455~ 

-.151  .151  .989 

=  J 

n  = 

-3.700 

1 

• 

8 

-0 

1.340  -.340  -2.225 

=  J 

V  c  = 

0 

-2.325 

0  0  0 

-j 

a5  = 

0 

.230 

1.266  -.219  -1.740 

=3  1 

V 

It  = 

0 

1.936 

.162  .175  -1.06l 

=  1 
% 

*7pt  = 

0 

.063 

-1.234  .699  1.529 

S3  1 

An  = 

0 

-.063 

1.234  -.699  -1.529 

—  ^ 

=  yg  =  -yf 


The  change  in  any  unknown  is  simply  the  arithmetic  sum  of  the  multiples 
of  its  "b"  coefficients  times  the  measured  knowns. 
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<))  Thus,  by  measuring  the  changes  in  five  corrected  parameters  at  any 
arbitrary  compressor  discharge  pressure,  an  evaluation  has  been  made 
of  the  precise  changes  in  all  of  the  thermodynamic  parameters  of 
interest,  and  the  physical  parameters  which  ci^Jributed  to  these  changes. 
Note  that  there  is  no  need  to  measure  actual  air  flow  or  high  turbine 
inlet  temperature  -  parameters  which  are  traditionally  very  difficult 
to  measure  -  yet  the  precise  changes  in  these  parameters  from  their 
baseline  values  have  been  evaluated.  Although  the  change  in  turbine 
inlet  temperature  may  be  evaluated  when  operating  below  maximum  engine 
conditions,  this  change  will  be  a  direct  measure,  ignoring  very  minor 
secondary  effects,  of  how  far  over  turbine  inlet  temperature  the  engine 
would  be  at  high  power  lever  settings  where  the  fuel  control  would  call 
for  the  engine  to  inferentially  operate  at  the  maximum  turbine  inlet 
temperature  for  a  new  fault-free  engine. 

Since  the  column  headings  of  the  original  influence  coefficient 
maxtrix  (Table  6.l)  are  now  completely  defined,  it  follows  that  the 
change  in  any  other  internal  gas  path  parameter  may  be  evaluated,  if 
this  should  prove  of  interest  for  any  purpose. 

Precise  values  of  the  matrix  coefficients  vary  somewhat  with  engine 
operating  condition.  Therefore  multiple  sets  are  stored  covering 
contiguous  operating  ranges  or  "windows",  and  the  proper  one  chosen 
during  operation  to  correspond  with  the  ?3>6  2  of  the  operating  point. 
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10)  To  summarize: 

a.  At  any  arbitrary  engine  operating  point,  as  defined  by  the  measured 

compressor  discharge  pressure  P3/ 5  i>  changes  have  been  measured  in 
Nl/*/®l  =  xa  13/©!  =  xb  Wf/^  =  Xc  HP/i  x  NT©1  =  xd 

t9/®1  =  xe 

b.  At  the  operating  point  the  changes  have  been  evaluated  in 

T5/©i  =  ya  r±  =  yb  *7C  =  yc  A5  =  yd 

^  t  =  ye  pt  =  yf  An  =  yg 

and,  if  desired,  any  other  thermodynamic  parameter. 

As  mentioned  previously,  the  baselines  are  plotted  as  functions  of  P3/ <J 
and  the  changes  in  the  other  parameters  are  all  computed  as  the  percentage 
difference  between  the, actual  measured  value  and  the  baseline  value,  taken 
at  the  constant  measured  value  of  P3/ 6 ^ .  The  nature  of  thermodynamic 
corrected  parameters  is  such  that  the  baselines  legitimately  may  be  plotted 
as  a  function  of  any  of  the  corrected  parameters,  and  the  measured  changes 
calculated  at  the  constant  value  of  the  chosen  abscissa.  An  appreciation- 
of  the  choice  of  P3/ d  1  may  be  had  by  examination  of  the  "Fault  Coefficient", 
Table  6.2.  By  definition  the  fault  coefficients  are  the  magnitude  of  the 
changes  that  will  take  place  in  the  measured  parameters,  at  a  constant  value 
of  another  specified  measured  parameter,  in  response  to  a  1  %  change  in  the 
independent  six  parameters,  taken  one  at  a  time.  For  example,  in  response  to 
a  single  fault  of  a  1 $  fall  off  in  compressor  efficiency,  will  increase 

0.59 i,  P3/ ft  1  will  increase  0.42$,  fuel  flow  will  increase  1.92$,  etc.,  com- 
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pared  to  their  baseline  values  at  constant  N Also  at  constant  Nj/ 
in  response  to  a  single  fault  of  a  1$  fall  off  in  gas  generator  turbine 
efficiency,  T^/O^  will  increase  0.15$,  P3/ £  1  will  increase  0.46$,  fuel  flow 
will  increase  2.55$,  etc. 

The  fault  coefficients  are  shown  for  baselines  plotted  as  functions 
either  of  Ni/ n/©1,  P3/ 6  Wf/ 6 1®1^  or  HP/dj  At  first  glance  the 

tables  appear  to  be  a  collection  of  random  numbers  of  arbitrary  sign.  How¬ 
ever,  upon  closer  study  several  unique  observations  may  be  made  about  the 
constant  P3/ 1  table : 

1.  If  only  Nj/  v/Ojl  increases  and  all  others  remain  constant,  then  com¬ 
pressor  pumping  capacity  has  decreased. 

2.  If  there  is  any  change  in  there  is  at  least  a  compressor 

efficiency  problem,  even  in  a  multiple  fault  situation. 

3.  If  only  fuel  flow  increases  and  all  others  remain  constant,  then  burner 
efficiency  has  decreased. 

4.  If  fuel  flow,  horsepower  and  T^/Gi  all  go  down,  there  is  a  power 
turbine  problem. 

5.  If  there  is  a  large  relative  increase  in  horsepower  and  fuel  flow 
of  about  equal  magnitude  in  each,  there  is  a  gas  generator  turbine 
problem. 

6.  If  there  is  no  change  in  Tg/Gi  but  changes  in  the  others,  then  there 
is  a  hot  end  problem. 

7.  If  the  only  changes  are  a  decrease  in  horsepower  and  an  increase  in 
T9/O1,  then  power  turbine  efficiency  has  decreased. 


Hamltton„ _ U_, 

Standard  PW 


Hamilton. 


U 

PU 


HSER  6C80 
Volume  1 


(t.'S.'S  cTonU  imed 

In  the  event  of  a  single  engine  fault  these  uniquenesses  can  be  used  to 
fortify  the  diangostic  answers  provided  by  the  Gas  Path  Analysis,  which  of 
course  can  handle  either  single  or  multiple  faults. 

Beyond  this  uniqueness  another  advantage  of  using  P3/ £  ]_  as  the  plotting 
abscissa  is  the  relative  gains  of  the  various  resulting  parameter  -rves. 

For  example,  when  plotting  parameters  as  a  function  of  %/79 1,  the  resulting 
curves  are  all  relatively  steep;  therefore  any  small  error  in  reading 
Ni /  will  be  magnified  several  times  in  the  calculated  error  or  change 
in  the  parameter.  These  same  parameters  plotted  as  functions  of  P3/ i  1 
exhibit  considerably  reduced  slopes  (reduced  by  the  magnitude  of  the  slope 
of  the  P3/  <5  j  vs.  N-j/  curve);  therefore  calculation  errors  are  considerably 
smaller  than  the  corresponding  errors  using  N 1/  J~Q.  In  view  of  the  above 

t 

reasons,  it  was  felt  advantageous  to  use  V*  ^  as  the  plotting  abscissa. 

Thus  proper  application  of  the  Gas  Path  Analytical  technique  will  permit 
isolation  of  the  condition  of  the  engine  to  a  degree  which  was  heretofore 
not  previously  available.  This  technique  can  also  satisfactorily  accommodate 
a  wide  range  of  "new"  engine  variations.  For  instance,  consider  that  the 
airflow  range  for  any  engine  may  vary  from  90  to  110$  of  a  many-engine  average. 
The  diagnostic  limit  could  then  be  established  at  -20$  for  the  poorer  engine 
and  -40$  for  the  best  engine  with  the  result  that  maintenance  would  be  required 
when  airflow  deteriorates  to  70$  of  the  nominal  average.  The  full  life  of 
very  good  engines  is  thus  obtained  without  producing  a  dangerous  situation 
in  "poor"  engines. 
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?.3  (bis  Path  Diagnostic  Results 


.l.i  Test  Cell  Analysis 


The  data  obtained  during  the  Phase  B  test  cell  runs  yielded  encouraging 
results.  Certain  component  signatures  could  be  identified  and  the  effort 
was  useful  in  readying  the  hardware  for  flight  tests  and  in  refining  the 
software  application  of  the  analytical  techniques.  However,  these  refine¬ 
ments  have  resulted  in  obsolescent  data  and  the  remaining  discussions  will 
concentrate  on  the  subject  of  primary  concern;  i.e.,  the  flight  data  and 
analytical  results. 

.1.2  Phase  D  Flight  Test  Analysis 
•3.2.1  Signature  Identification 

This  section  will  discuss  those  tests  in  which  known  degraded  parts 
were  implanted  in  four  engines  for  signature  identification  purposes.  A 
discussion  of  the  verification  tests  including  results  is  presented  in 
Section  7.  The  degraded  part  tests  included  10  total  engine  gas  path  tests 
on  the  above  4  engines.  Five  transmissions  had  discrepant  parts  installed. 
Additionally  one  maladjusted  fuel  control  was  tested.  The  5  transmission 
tests  utilized  a  nominal  engine  and  the  engine  was  not  subjected  to  a  detailed 
analysis.  This  same  engine  LE16522,  was  utilized  in  the  fuel  control  tests. 

The  implanted  fuel  control  malfunction  attempted  to  alter  steady  state 
and  transient  performance.  This  was  done  by  adjusting  the  fuel  control 
pressure  regulator  and  speed  droop  cam.  The  steady  state  errors  did  not 
significantly  effect  the  engine  operation  because  of  the  inherent  closed  loop 
control  reset  performance.  Thus,  the  fuel  control  pressure  regulator  adjust¬ 
ment  had  little  effect  on  speed  in  steady  state  because  the  fuel  control 
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* 

operates  on  n  closed  loop  governing  droop  line.  The  power  turbine  speed 

I  droop  cnin  change  is  also  corrected  by  the  control  operation.  The  attempt 

E  u 

(  to  diagnose  any  transient  fuel  control  malfunction  was  not  included  in 

I  the  Test  Bed  Program.  A  significant  increase  in  the  digital  processor 

‘t 

|  memory  requirements  would  have  resulted  if  the  fuel  control  schedules 

?  were  duplicated  in  the  AIDAPS  digital  processor. 

•  The  remaining  10  engine  tests  included  one  set  in  which  the  digital 

processor  was  not  functioning  properly,  and  one  set  with  inadequate  hardware 
•  arid  software  definitions.  Thus  a  total  of  eight  tests  were  available  for  a 

detailed  gas  path  analysis.  These  tests  included  both  degraded  gas  path 
components  such  as  nozzles  and  a  turbine  and  non-gas  path  components  such  as 
bearings.  The  intent  here  is  to  demonstrate  that  discrimination  can  be 
obtained  between  the  two  types  of  malfunctions. 

6.2.}..°.;*  Baseline  Analytical  Approaches 

The  three  analytic  approaches  which  were  used  in  the  detailed  analysis 

involved  modifications  of  the  baseline  definition  and  the  data  set  to  be 
employed.  The  flight  test  data  was  analyzed  using  baseline  data  as  a  function 
of  corrected  gas  producer  speed  (N^/ v/6]_)  and  corrected  compressor  pressure 
(PS3/di).  The  test  cell  data  taken  prior  to  installation  in  the  aircraft 
was  also  used  to  clarify  the  flight  test  results.  A  certain  amount  of 
random  scatter  was  noted  in  the  flight  test  data.  This  scatter  was  produced 
by  both  normal  noise  and  by  a  non- ideal  steady  state  test.  In  either  case, 
a  deadband  was  investigated  as  a  means  of  minimizing  the  effect  of  this 
scatter.  The  deadband  was  employed  such  that  only  perturbations  in  excess 
of  the  band  were  used  to  define  the  malfunction.  The  results  of  the  diagnostic 
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2.3. 2.2  Continued 


investigations  are  sumnarized  in  Figure  6-3.  This  table  lists  the  inserted 
romponent  (and  engine  number)  and  the  results  of  each  analysis.  Each  block 
lists  the  detected  malfunction  in  order  of  severity. 


2.3.2.: 


Parts  Discrimination 


One  test  of  the  diagnostic  system  involves  the  ability  to  distinguish 
between  good  and  bad  parts.  This  test  was  successful  in  that  the  imbedded 
bad  bearings  were  not  detected  as  gas  path  malfunctions.  (Bearing  diagnostics 
are  discussed  in  Section  6.h  on  Vibration  Analysis.)  Two  of  the  four  turbine 
problems  were  also  properly  diagnosed  as  defective  turbines.  The  other  two 
turbine  malfunctions  were  not  detected  by  either  the  flight  test  data  or  by 
using  the  test  cell  data.  This  leads  to  the  conclusion  that  the  degree  of 
degradation  was  not  sufficient  to  register  as  a  firm  malfunction.  Finally, 
the  compressor  flight  test  did  not  register  as  a  degraded  compressor.  How¬ 
ever,  this  test  was  conducted  during  an  early  period  of  hardware  and  software 
adjustments  and  may  well  have  been  detected  if  it  had  been  repeated  after 
complete  system  development. 

.2. 3.2.4  Test  Cell  and  Flight  Data  Comparison 

A  comparison  of  the  flight  data  analysis  and  test  cell  data  analysis 
is  useful  in  appreciating  the  diagnostic  results.  This  comparison  indicates (Fig. 6H 
that  the  conclusion  are  essentially  the  same,  with  the  above  noted  compressor 
test  exception,  and  that  multiple  deviations  wtre  detected  in  several  instances 
when  only  single  malfunctions  were  expected.  Tne  validity  of  the  airborne 
diagnostics  and  data  is  thus  confirmed  by  the  test  cell  data.  A  detailed 
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» 

tabulation  of  the  actual  parameter  variations  is  presented  in  Figures  6-4 

i 

through  6-7  on  a  per  engine  basis.  The  five  measured  or  explicit  parameters 
are  listed  for  a  speed  or  pressure  baseline  along  with  the  resulting  calcu¬ 
lated  or  implicit  variables.  One  fact  that  is  apparent  from  a  study  of  these 

i 

l  tabulations  involves  the  degree  of  severity  of  the  degraded  parts.  Very  few 

I 

f  deviations  exceeded  a  +5  percent  band  and  most  were  within  +2  percent  of  the 

r  baseline  for  that  engine.  The  "no  problem"  band  for  the  implicit  variables 

/ 

\  was  +2.5  percent  which  is  a  very  tight  band.  This  indicates  that  a  conser- 

|  vative  approach  was  followed  in  the  selection  of  degraded  parts,  and  that 

acceptable  performance  could  be  expected  from  the  system  as  further  deterior¬ 
ation  occurs. 

The  actual  differences  between  the  test  cell  and  flight  data  variations 
are  attributed  to  several  causes.  First,  completely  different  instrumentation 
and  data  collection  techniques  were  utilized.  Second,  the  baseline  and  bad 
part  runs  in  the  test  cells  were  not  generally  taken  in  the  same  cel?,  which 
introduces  an  unknown  instrumentation  error.  This  area  of  concern  was 
minimized  in  the  helicopter  installation  by  using  a  consistent  sensor  set  as 
much  as  possible.  Finally,  very  few  steady  state  points  were  available  in 
the  test  cell  data.  The  AIDAPS  MEU  averaged  data  throughout  a  long  flight  in 
order  to  perform  its  analysis. 

<•.2.3.3  Gas  Path  Trend  Data  Analysis 
<i.2. 3. 3.1  General  Background  Information 

The  change  in  trend  data  collection  flights,  as  outlined  in  paragraph 
5. 3. 5. 2,  resulted  in  data  sets  obtained  at  intervals  of  10  to  20  aircraft 
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hours.  Short  term  trends  are  not  presented  for  this  reason.  Moderate  term 
trends  (in  the  100  hour  time  span)  yielded  little  information  and  the  major 
results  to  be  discussed  include  all  data  in  the  long  term  trend. 

The  actual  trend  results  are  presented  in  Figures  6-8  through  6-17. 
Fi^ire  6-8  illustrates  the  number  of  data  frames  which  were  used  from  each 
flight.  This  information  served  in  conjunction  with  the  parameter  value  and 


time  to  define  the  trend  lines. 


(>.P.  -t.3.2  Measux-ed  Parameter  Trends 

The  five  measured  parameter  trend  plots  are  presented  in  Figures  6-9 
through  6-13.  The  plots  for  fuel  flow  (Figure  6-9),  horsepower  (Figure  6-10), 
and  exhaust  gas  temperature  (Figure  6-11)  illustrate  reasonable  results.  The 
fuel  flow  which  is  required  to  obtain  a  given  pressure  condition  should  in¬ 
crease  as  engine  wear  occurs  and  the  power  which  is  produced  would  also  be 
reduced.  The  rising  exhaust  gas  temperature  is  indicative  of  poorer 
efficiency  and  is  consistent  with  the  horsepower  and  fuel  flow  trends. 

The  data  on  compressor  discharge  temperature  and  gas  producer  speed 
(Figure  6-12  and  6-13,  respectively)  illustrate  barely  discernible  trends. 

The  most  probable  conclusion  is  that  no  trend  has  developed  in  these  two 
parameters  at  this  time. 

The  estimated  life  of  these  five  parameters  has  not  been  evaluated. 

The  five  measured  parameters  are  symptoms  of  an  event  and  it  is  more  correct 
to  analyze  the  event  rather  than  the  symptom. 
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<'.2.3. 3. 3  Calculated  Parameter  Trends 

The  turbine  inlet  temperature  (Figure  6-l4)  illustrates  a  trend  which 
is  similar  to  the  exhaust  gas  temperature,  i.e.,  that  increasing  temperatures 
are  occurring.  However,  the  shallower  inlet  temperature  slope  indicates 
that  the  hot  exhaust  gas  temperatures  and  less  efficient  turbines.  The 
trend  limit  for  Tt5  is  approximately  +5$.  The  trend  line  would  then  intersect 
this  limit  at  4240  hours.  The  conclusion  from  this  long  estimated  life  is 
that  only  an  initial  deterioration  has  been  encountered. 

The  gas  producer  turbine  is  characterized  by  the  nozzle  area  and 
efficiency  plots  of  Figures  6-15  and  6-l6,  respectively.  The  nozzle  area 
is  increasing  which  indicates  that  nozzle  erosion  is  occurring  and  the  turbine 
is  becoming  less  efficient.  Preliminary  trend  limits  of  +20$  for  turbine 
area  and  -15$  for  turbine  efficiency  result  in  a  life  estimate  for  the  gas 
producer  turbine  of  2900  hours  (2880  hours  for  nozzle  area  and  2920  hours 
for  turbine  efficiency) .  This  conclusion  also  Indicates  that  only  an 
initial  wear  pattern  has  been  established. 

The  power  turbine  area  trend  (Figure  6-17)  exhibits  a  somewhat  steeper 
slope  than  the  other  turbine  parameters  and  thus  results  in  a  shorter  estim¬ 
ated  life.  The  aircraft  time  to  reach  a  20$  deterioration  at  the  indicated 
slope  is  1670  hours.  The  explanation  of  this  shorter  estimated  life  involves 
the  number  of  parameters  which  could  be  measured  as  discussed  in  Section  6.2.2. 
The  proper  analysis  of  the  power  turbine  would  require  instrumenting  the 
pressure  between  the  turbines  which  was  not  practical  for  the  AIDAPS  Test 
Bed  Program.  The  parameter  plotted  in  Figure  6-17  thus  represents  both  the 
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cKrsai  agfl  efficiency  of  the  power  terMoe.  She  ges  profccer  turbine  area 
sad  efficiency  deteriorations  of  atJ£  and  if^,  respectively,  sue  to  35£ 
which,  if  cased  as  the  allowable  power  tursdae  oetericret  ior: ,  yieMs  an  estim¬ 
ated  life  of  2®3©  boors.  fids  life  tiaea  tenda  to  indicate  that  the  power 
tsar&dsae  and  ges  gradmcer  taarbiee  are  deteriorating  at  i\e  same  rate. 

pices  of  congeasscr  tenperatcre  (Fiacre  6-12)  aM  gas  producer  speed, 
{.figure  6-13)  indicate  that  no  narked  tread  fees  developed  ia  either  parameter. 
lEbese  tao  psnsaeter.5  are  the  me^or  factors  is  esesresser  efficiency  aai  air- 
Ocar  and  thos  no  fame  tread  was  *?*?!«»  ia  these  calculations. 

£-.2.3-3-%  3ata  BispersioE 

He  staadsra  error  of  'estimate  for  the  least  sorares  filing  algorithm 
-css  evslcated  to  obtain  a  message  of  the  data  dispersion  ana  resulted  ia  the 
foUcwing  estimated  life  tends. 
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6.-’.3.3.4  (Continued) 

The  limits  for  the  gas  producer  turbine  area  (A  A^)  and  efficiency 
(4  V  T)  of  20j(  and  Irrespectively,  were  tentatively  assigned  utilizing 
engineering  judgement  and  the  limited  information  obtained  during  the 
test  program.  The  nozzle  area  variation  [A  An  limit  of  3 936)  vas  set 
larger  because  an  additional  measurement  is  required  to  differentiate 
between  the  power  turbine  area  and  efficiency  (Reference  Paragraph  6.2.2). 
The  final  limits  in  a  production  system  will  include  a  core  extensive 
data  case  and  approval  of  the  engine  manufacturer. 

The  intent  of  the  above  table  is  to  illustrate  the  quality  of  the 
data  by  estimating  the  average  life  as  outlined  in  Figure  5 and  then 
displacing  the  average  trend  line  to  intersect  the  highest  data  point 
for  sinistra  life  and  the  lowest  data  point  for  naxisua  life.  The 
estimate  component  life  in  hours  then  varies  frees  +  93=  tar  A  T5  to  + 
for  A  An  indicates  that  the  data  dispersion  is  acceptable. 
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|  *(».  *  Analysis  of  Mechanical  Diagnostics 

|  '  The  derivation  of  the  actual  mechanical  logic  and  information  'wiiich  was 

f  used  in  defining  the  diagnostic  limits  is  presented  in  Section  5.3.  In 

f  - 

|  general,  the  degraded  parts,  exclusive  of  any  gas  path  or.  vibrational  • 

characteristics,  did  no  produce  a  decisive  diagnostic  message.  The  lack  of 
a  diagnostic  output  is  attributable  to  several  possible  reasons: 

1.  Sensor  malfunction; 

2.  Incorrect  limits; 

3.  Parts  which  were  still  serviceable;  or 

4.  Parts  which  reflect  an  effect  rather  than  a  cause  of  the  malfunction. 

6.3.1  Discussion  of  Results 

Sensor  malfunction  was  considered  as  a  reason  for  the  lack  of  a  diagnostic 
but  was  eliminated  from  the  candidate  list  by  confirming  the  sensor  calibration 
and  by  exchanging  the  sensors  between  the  two  helicopters.  A  simple  re¬ 
definition  of  the  diagnostic  limits  would  not  make  detect  on  of  the  degraded 
mechanical  parts  possible.  The  operating  levels  of  the  bad  part  parameters* 
on  AC  61011  were  essentially  the  same  as  that  of  good  parameters  on  the  trend 
aircraft,  AC  17223- 

Tne  serviceability  of  the  implanted  part  must  certainly  be  viewed  as  a 
candidate  reason  for  the  i nconclus i ve rae s s  of  the  mechanical  diagnostics.  A 
conservative  approach  to  the  selection  of  degraded  parts  was  noted  in  both 
the  gas  path  and  vibration  analysis  effort.  The  cause  ana  effect  relation- 
ship  should  be  examined  closely.  Consider  a  gear  box  dcring  its  normal 
operation  when  tbe  oil  level  decreases.  Additional  heat  would  then  be 


be  done.  The  estimated  lit es  ere  presented  below 
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6. 3. 2.1  Continued 

Parameter 

Start  Battery  Volts 
AC  Essential  Bus 
AC  Ins t rune nt  Bus 
DC  Essential  Bus 


Life 

lUOO  hrs. 

635  hrs. 

710  hrs. 

875  hrs. 

6i3«2.3  Hydraulic  System  Parameters  (Figure  6-22  through  6-24) 

The  three  hydraulic  system  parameters  which  were  monitored  for  trending 

are: 


Uncertainty  of  Estimate 
+30  hrs. 

+105  hrs. 

+160  hrs. 

+100  hrs. 


1.  hydraulic  pimp  leakage  flow; 

2.  hydraulic  pump  temperature  rise;  and 

3.  hydraulic  supply  pressure. 

The  health  of  the  pump  is  primarily  established  by  the  leakage  flow  and 

> 

temperature  rise  and  these  parameters  exhibited  an  estimated  life  of  670  and 
620  hours,  respectively.  However,  the  uncertainty  of  the  data,  as  reflected 
by  the  tolerance  band  on  the  life  estimate,  is  +65  hours  for  leakage  flow  and 
+175  hours  for  the  temperature  rise.  Discussions  with  Bell  Helicopter 
representatives  also  indicated  that  firm  data  as  to  what  constitutes  a  worn 
pump  is  not  presently  available.  A  large  uncertain  area  thus  exists  as  to 
the  differences  between  a  new  pump  and  a  failed  pump.  However,  the  flow  and 
temperature  rise  life  estimates  are  in  reasonable  agreement  and  illustrate 
that  tiiese  parameter '  should  be  monitored  to  indicate  the  status  of  the 
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Tire  Hydraulic  supply  pressure  data  (Figure  6~2b')  exhibits  a  large 
variation  and.  a  lev  life  art  irate  of  3^0  hours.  Hcvever,  the  major  data 
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sets  before  160  hours  are  in  the  range  of  6 50  to  750  psi  and  those  after  160 
hours  occur  in  the  range  from  1000  to  1100  psi.  This  indicates  that  a  control 
setting  adjustment  may  be  desirable.  The  preliminary  conclusion  then  is  that 
no  marked  trend  has  developed. 

(-.3.2.4  Fuel  Pressure  (Figure  6-25) 


The  fuel  pressure  data  exhibits  an  estimated  life  of  950  hours.  How¬ 
ever,  this  life  is  strongly  influenced  by  the  data  set  at  230  hours  which  is 
near  the  enu  of  the  testing.  The  elimination  of  this  point  results  in  the 
dotted  trend  line  and  a  life  estimate  of  4820  hours.  The  longer  life  is  a 
more  reasonable  estimate  but  more  flight  data  would  have  to  be  obtained  and 
be  required  to  confirm  the  validity  of  the  assumption. 

»>. 3.2.5  Transmission  Lubrication  System  (Figure  6-26  and  6-27) 


The  transmission  oil  cooler  flow  (Figure  6-26  )  indicates  a  nominal  trend 
towards  increasing  flow  demand.  The  estimated  life  to  the  diagnostic  limit 
is  800  <_  260  hours.  This  parameter  and  engine  oil  cooler  flow  should  be 
monitored  in  a  pre-production  system  to  clarify  this  initial  conclusion. 

Transmission  oil  pressure  (Figure  6-27)  has  been  uniformly  constant  for 
the  Test  Bed  Program.  Ho  marked  trend  has  been  established. 

Transmission  oil  temperature  has  been  significantly  below  the  diagnostic 
limit  of  230°F  end  was  commonly  below  the  calibration  range  of  the  KEU  which 
was  IOO  to  300°?.  Ho  data  is  presented  for  this  parameter. 
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Engine  oil  pressure  (Figure  6-28)  illustrates  a  shallow  trend  with  an 
estimated  life  of  1550  hours.  However,  this  life  estimate  has  been  increasing 
as  more  flight  data  was  obtained  and  the  actual  pressure  has  stabilized  at 
79-5  psig.  Thus  the  most  probable  conclusion  is  that  some  initial  wear  was 
encountered  but  no  marked  trend  has  really  developed. 

The  engine  oil  temperature  exhibited  the  same  characteristics  as 
transmission  oil  temperature,  i.e. ,  the  temperature  was  below  both  the 
diagnostic  limit  of  250°F  and  the  MEU  calibration  range  of  100  to  30O°F. 

No  data  is  presented  on  this  parameter. 

The  bearing  2  temperature  rise  (Figure  6-29)  exhibits  an  increasing 
temperature  with  time.  However,  a  large  portion  of  the  deta  is  above  the 
diagnostic  limit  of  220°F  and  therefore  no  reasonable  life  prediction  can  be 
made.  This  does  indicates  that  the  bearing  temperature  differential  should 
be  monitored  in  a  pre-production  system  to  more  firmly  establish  the  diagnostic 
limit. 

The  temperature  rise  across  bearings  3  and  4  (Figure  6-30)  illustrates 
a  trend  towards  higher  temperatures .  The  estimated  life  to  the  diagnostic 
limit  of  220 °F  is  440  hours,  but  this  limit  may  require  revision  depending 
on  the  results  of  subsequent  bearing  tests  as  outlined  above.  It  should 
also  be  noted  that  very  high  temperatures  at  97  hours  resulted  from  a  hard¬ 
ware  malfunction  and  were  not  included  in  the  analysis. 
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Teat  Cell  Program 

The  following  paragraphs  elaborate  upon  test  cell  instrumentation,  as 
well  as  the  data  analysis  techniques  and  results. 

Vibration  Recording  Equipment 

Die  vibration  data  acquisition  and  recording  system  used  on  all  phases 
of  the  AI1APS  program  utilized  an  Ampex  AR-200  magnetic  tape  recorder.  In 
addition,  the  system  contained  provisions  for  signal  conditioning,  amplifi¬ 
cation,  standardization  of  transducer  signals,  tape  coding,  and  central 
control.  A  one-channel  signal  block  diagram  of  the  recording  system  is 
shown  in  Figure  6-33.  The  function  of  the  various  elements  in  the  signal 
path  will  be  outlined  in  the  following  paragraphs. 

The  diagram.  Figure  6-33,  shows  a  transducer  connected  to  a  device  called 
a  signal  conditioner.  Just  as  the  name  implies,  a  signal  conditioner  is  used 
to  condition  the  electrical  output  of  a  transducer  prior  to  amplification 
and  subsequent  recording. 

This  conditioning  may  consist  of  balancing  a  EC-excited  full  bridge  trans¬ 
ducer,  filtering  the  signal  from  a  self -generating  transducer  such  as  in 
accelerometer  or  velocity  pickup,  or  limiting  or  clipping  the  signal  generated 
by  a  magnetic  pickup  used  as  a  speed  transducer. 

In  general,  the  signal  conditioners  are  not  used  to  modify  the  data 
such  as  integrating  an  accelerometer  output  to  obtain  velocity  or  converting 
an  AC  speed  signal  to  record  a  DC  analog  of  speed.  The  primary  function  of 
the  signal  conditioner  is  to  condition  electrical  signals  to  make  them  most 
ai.snable  to  good  recording  techniques . 

Signal  conditioners  also  select  e  standardized  source  for  electrical 
standardization  of  a  recording  channel .  Die  tern  standardize  is  used  Instead 
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6.4.1  Continued 

of  calibration  because  fixed  measured  physical  quantities  are  not  inserted 
into  the  recording  system  as  is  done  when  calibrating  a  device.  The  recording 
system  is  standardized  by  inserting  signals  equal  to  zero  and  full  scale 
i  recording  level  into  the  record  system.  On  playback,  the  system  is  adjusted 

for  zero  output  during  zero  standardize  and  full  scale  output  reference  voltage 
during  full  scale  standardize. 

The  next  block  in  Figure  6-33  is  a  pre -amplifier  which  is  used  to  raise 
the  signal  amplitude  from  low  level  transducers  to  a  level  compatible  with 
the  input  requirements  of  the  record  amplifier.  Full  scale  output  of  the 
pre-amplifier  is  +2.5V  pk. 

A  record  amplifier  is  a  device  which  converts  and  prepares  electrical 
signals  for  optimum  recording  on  tape.  Both  direct  record  and  PM  record 
techniques  are  used. 

The  record  head  converts  the  electrical  signals  from  the  record  amplifiers 
into  varying  flux  patterns  on  the  tape. 

6. h. 1.1  Record  System  Implementation 

Figure  6-34  is  a  photograph  of  the  AR-200  recording  system.  To  make  the 
various  groups  of  equipment  a  working  system  with  central  control  functions 
and  to  make  the  system  compatible  with  an  automatic  data  reduction  system,  a 
number  of  control  functions  and  coding  signals  are  required.  Figure  6-35 
showe  the  major  hardware  elements  of  the  tape  recording  system  and  indicates 
the  routing  of  the  system  control  functions.  This  is  also  shown,  in  more 
detail  in  Figure  6-bC.  Briefly,  the  Tape  Junction  Unit  (TJU)  houses  the 
signal  conditioners,  the  Tape  Pre-amp  Case  (TPC)  contains  the  signal  pre- 
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6. 4. 1.1  Continued 


amplifier,  the  Tape  Control  Uhit  (TCU)  is  the  operational  unit  of  the 
system  which  provides  the  system  control  and  coding,  the  record  electronics 
consists  of  the  record  amplifiers  and  associated  power  supplies,  and  the 
Time  Generator  provides  time  and  run  number  coding  for  the  tape. 


6. 4, 1.1.1  Time  Generator 


A  standard  reel  of  instrumentation  tape  (10-1/2"  reel  of  1  mil  tape) 
is  3600  feet  long  and  represents  a  real  time  recording  length  of  25-100 
minutes  depending  on  tape  speed.  It  would  be  a  difficult  task  to  locate 
areas  of  interest  on  the  tape  during  playback  if  there  were  no  coding,  but  just 
three  quarters  of  a  mile  of  tape  filled  with  data.  To  resolve  this  problem 
on  IRIGBTime  Code  Generator  was  used  to  provide  indexing  of  the  tape.  This 
generator  records  a  code  on  the  tape  in  a  standardized  IRIGB  format  to  define 
elapsed  recording  time  in  seconds  and  a  run  number.  The  run  number  is  used 
to  define  groups  of  data  points.  The  recording  of  this  code  makes  it  possible 
to  automatically  search  and  playback  selected  segments  of  data  during  data 
analysis . 


6. 4. 1.1. 2  Tape  Control  Unit 


The  Time  Generator  helps  to  solve  one  of  the  problems  encountered  in 
tape  recording.  However,  more  information  in  the  form  of  coding  is  desirable 
for  indexing  a  tape  to  eliminate  confusion  and  allow  for  automatic  playback 
technique.  The  Tape  Control  Unit  generates  various  tone  codes  which  are 
recorded  for  playback  control  information  on  a  separate  tape  track.  Code 
signals  recorded  in  addition  to  the  time  code  are  as  follows: 
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Record  Code 
(3000  Hz) 

Full  Scale  Standardize  Code 
(1500  Hz) 

Zero  Standardize  Code 
(750  Hz) 

Mark  Code 
(500  Hz) 

"A"  Code 
(315  Hz) 


"B"  Code 
(250  Hz) 


Indicates  duration  of  data  recording  and 
provides  a  precise  .01$  reference  frequency, 

Indicates  the  recording  system  is  in  the 
full  scale  standardize  mode. 

Indicates  the  recording  system  is  in  the 
zero  standardize  mode. 

Used  to  indicate  occurrences  of  interest 
during  data  recording. 

Indicates  recording  is  from  transducers 
at  location  "A",  if  location  switching 
is  used  during  testing. 

Indicates  recording  from  location  "B". 


The  listed  code  signals  are  multiplexed  on  track  13  using  a  direct 
record  amplifier. 

The  Tape  Control  Unit  also  provides  control  signals  for  operating  the 
various  units  of  the  Tape  Record  System.  These  control  signals  are  routed 
through  the  system  and  serve  to  place  the  system  in  the  various  operating 
modes.  A  microphone  input  is  also  provided  on  the  Tape  Control  Unit  and 
voice  information  is  recorded  on  track  lh.  Figure  6-36  is  a  photograph  of  the 
Tape  Control  Unit  which  shows  the  front  panel  operational  controls  and  indi¬ 
cators  . 

6.4.1.1.3  Power  &  Control  Junction  Unit 

The  Power  and  Control  Junction  Unit  provider  the  system  power  supplies 
and  the  routing  of  AC  and  DC  power  throughout  the  system. 

6. 4. 1.1. 4  Tape  Junction  Unit 


The  Tape  Junction  Unit  (TJU)  represents  the  "front  end"  of  the  Tape 
Record  System.  This  unit  provides  a  panel  for  connecting  transducers  to  the 
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recording  system,  provides  connections  for  transducer  excitation  sources, 
houses  the  Signal  Conditioners,  provides  standardization  sources ,  - id  routes 
the  signals  to  be  recorded  to  the  Pre-amp  Case.  The  TJU  contains  12  slots 
for  the  Signal  Conditioner  plug-ins. 

As  was  indicated  previously,  there  are  two  standarize  modes  used  to 
define  the  sensitivity  and  zero  point  of  the  record  and  playback  system. 

These  are  designated  zero  and  full  scale  standardize.  For  tne  velocity  and 
acceleration  transducers  used  on  the  program  the  full  scale  standardize 
signal  is  an  absolute  AC  standardize  signal  (sine  wave)  at  200  Hertz  with  an 
amplitude  of  30  peak  millivolts.  When  the  system  is  switched  to  the  full 
scale  standardize  mode,  attenuators  Id  the  pre-amplifiers  and  signal  condi¬ 
tioners  are  automatically  changed  so  that  the  input  30  peak  millivolt  signal 
is  normalized  to  2.5  volts  peak  t  the  system  output. 

Self -generating  signal  conditioners  were  used  with  both  the  velocity  and 
acceleration  transducers  on  this  program.  These  signal  conditioners  performed 
the  following  functions. 

1.  Buffered  the  signals  from  the  transducers  to  minimize  any 
electrical  loading. 

2.  i rovide  additional  signal  attenuation  for  those  channels 
where  the  range  of  amplifier  attenuator  is  not  sufficient. 

'Provided  a  regulated  20  VDC  voltage  for  the  Columbia  11 11-1 
and  CEC  4-128  accelerometers  used  on  this  program,  (These 
transducers  are  piezo-electrical  accelerometers  with  a  built 
in  stage  of  electronics.  The  electronics  is  essentially 
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a  high  impedance  buffer  stage  composed  of  a  field-effect 
transistor  and  associated  components.  The  ac-  •antage  of 
these  transducers  is  that  the  output  signal  is  at  a  lov 
impedance  level  vnic^  minimizes  the  effects  of  cable 
capacitance  and  electrical  noise  inherent  in  high  imped¬ 
ance  transducers.) 

4.  Figure  6-37  is  a  photograph  of  the  Tape  Junction  Unit. 

6. 4. 1.1. 5  Tape  Pre-amp  Case  (TPC) 

The  primary  function  of  the  TPC  is  to  house  the  pre-amplifi*.  rs  required 
for  amplification  of  low  level  transducer  signals  from  the  TJU.  The  pre-amp 
case  output  signals  are  routed  to  the  Tape  Record  Electronics  for  recording 
on  tape.  Additionally,  these  output  signals  are  also  available  on  a  monitor 
connector  which  allows  all  the  recorded  channels  to  be  monitored  on  an 
oscilloscope  so  that  assessments  of  data  quality  can  be  made.  Hie  following 
specifications  apply  to  the  AC  nre-amps  used  on  this  program. 

1.  Input  impedance  -2  us  minimum 

2.  Output  impedance  -  50  ohms  maximun 

3.  Gain  -  58  db  (830)  (Full  Scale  input  is  +3  mv  pk  at  ATT  x  l) 

4.  Gain  adjustable  by  attenuator  in  steps  1,  2,  5,  10,  20,  50, 

100,  and  infinity.  (The  attenuator  is  automa;  .  -JJLy  set  to 
1C  during  the  Standardize  Mode.) 

5.  Frequency  Response  -  +1$  from  7  Hz  to  50  KHz. 

6.  Dynamic  Range  -  46  db  over  full  bandwidth 
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“  7.  Overload  Indicator  which  lights  when  peak  output  level 

exceeds  full  scale  by  30  percent.  *  '■ 

•  I  i 

„  8.  Output  level  meter  which  shows  average  output  signal 

level  in  percent  of  full  scale.  Figure  6-38  is  a 
photograph  of  the  take  pre-amp  case,  and  6-39  is  a 
photograph  of  the  monitor  oscilloscope. 

6. *1.1.1. 6  Record  Electronics  ,  , 

The  final  block  in  the  signal  path  in  the  Record  Amplifier  which  pre¬ 
pares  the  electrical  signals  from'  the  pre -amplifiers  for  recording  on  tape. 

’  1 

As  indicated  previously,  two  recording  techniques  are  used,  FM  and  Direct 
recording. 

The  FM  Record  Amplifier  is  a  device,  with  DC  response,  which  converts 
input  voltage  to  output  frequency.  The  amplifier  operates  at  a  nominal  or 
center  frequency  for  zero  input,  and  the  frequency  is  modulated  4^0 $  for 
full  scale  input  signals  (+2.5  volts). 

The  Direct  Record  amplifier  mi^es  data  signals  with  a  bias  signal  and 
feeds  the  resultant  to  a  record  head.  Full  scale  input,  like  the  FM  record 

,  1 

amplifier,  is  +2.5  volts. 

The  FM  Record  process  is  far  the  more  precise  than  the  Dfrect  Record. 
Amplitude  accuracy  of  the  FM  process  is  at  least  in  order  of  magnitude  better, 
and  the  dynamic  range  is  approximately  10  db  greater.  The  Direct  Recording  . 
does,  however,  provide  a  decade  greater  frequency  response  than  FM  at  the 
same  tape  speed.  , 


I 
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In  general,  FM  recording  is  used  where  DC  or  low  frequency  response  is 


4 


required  and  when  good  amplitude  stability  and  linearity  are  desireable. 
Direct  Recording  is  used  only  when  frequency  information  is  required  or  where 
wide  bandwidth  is  mandatory.  All  vibration  signals  recorded  on  the  AIDAPS 
program  used  the  record  technique  at  a  tape  speed  of  15  ips.  This  pro¬ 
vided  a  recording  bandwidth  of  7  Hz  5  KHz  for  the  vibration  signals. 

6.4.2  Test  Conditions  &  Parts  Implanted 

The  three  operating  conditions  used  in  the  test  cell  are  listed  in 


Table  6.3  (i.e.  2  torque  levels  at  6400  rpm,  and  one  torque  level  at  6600  rpm) . 


Engine  I 

Transmission 

42°&90°  Gearbc 

Spee^ 

Torque 

Torque 

' Tailrotor 

’Generator 

l 

Torque’ Horse- 

vpra 

in-lbs 

Horsepower 

,  # 

*  load 

1  Amps 

’Horsepower 

in-lbs ’power 

6400 

10,860 

1100 

135 

» 

'  Lw 

t 

‘  200 

1 

'  1008 

» 

3640  '  92 

8,860 

900 

128 

1  High 

t  _ 

'  200 
t 

’  987 

I  .  .  .  .  . 

1170  ’  30 

f 

6600 

10,504 

1100 

74 

'  Low 
* 

’  150 

1 

'  570 

t 

2210  '  58 

f 

There  were  two  considerations  used  in  choosing  these  test  conditions.  The 
first  was  to  choose  conditions  which  were  part  of  the  present  ARADMAC  "green 
run"  procedures.  The  use  of  "green  run"  test  conditions  minimized  the  cell 
time  involved  and  allowed  vendor  testing  to  be  performed  without  increasing 
the  time  a  component  normally  remained  in  the  test  cell.  In  addition,  the 
lose  of  established  "green  run"  test  conditions  meant  the  rig  operators,  would 
be  setting  up  conditions  with  which  they  were  quite  familiar  and  the  chances 
of  an  improperly  set  up  condition  would  be  lessened.  It  was  felt  that  if 
different  test  conditions  had  been  chosen  there  would  have  been  a  greater 
chance  for  variations  in  test  conditions  from  run  to  run.  The  second 
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consideration  was  to  choose  high  power  conditions  which  were  representative 
or  conditions  likely  to  be  seen  during  Phase  D  flight  testing.  The  high 
power  conditions  were  chosen  to  insure  that  a  good  vibration  signature  would 
be  obtained. 

Figure  6-69  is  a  summary  of  the  defective  parts  implanted  in  the  engine 

during  the  test  cell  phase.  Figures  6-70,  6-71  and  6-72  are  similar  summaries 

o  o 

for  the  transmission,  42  and  90  gearbox  test  cell  data.  Each  summary  gives 
the  part  name,  part  number,  and  part  serial  number  of  each  part  tested,  as 
well  as  how  many  of  a  type  were  tested.  A  description  of  each  defective  part 
is  also  given  along  with  the  serial  number  of  the  component  in  which  the 
defective  part  was  implanted. 

Vibration  Data  Analysis  -  Test  Cell 
Role  in  AIDAPS 

One  of  the  goals  of  the  AIDAPS  program  was  to  determine  if  vibration 
analysis  could  be  used  as  an  effective  diagnostic  and  prognostic  tool.  A 
secondary  goal  was  to  determine  whether  an  analytically  effective  approach 
would  lend  Itself  to  practical  flight  hardware  implementation.  In  this  re¬ 
gard,  the  entire  power  train  system  of  the  UH-1  helicopter  was  monitored  using 
vibration  transducers  mounted  at  the  selected  locations.  The  power  train  system 
included  the  engine,  the  main  transmission,  the  42°  gearbox,  and  the  90°  gearbox. 
Detection  of  faulty  gears  and  bearings  was  emphasized  in  the  test  program 
through  the  installation  of  worn  parts  in  the  power  train.  The  following 
paragraphs  deal  with  the  general  nature  of  the  malfunctions  that  occur  in 
bearings  and  gears. 
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However,  even  if  a  bearing  is  properly  lubricated,  properly  aligned,  kept 
free  cf  dirt,  moisture  and  corrosive  agents,  and  properly  loaded  the  bearing 
will  ultimately  fail  from  fatigue.  Repeated  stress  cycles  in  heavily  loaded 
contacts  between  rolling  elements  and  raceways  first  result  in  microscopic 
cracks  at  the  weakest  points  in  the  grain  structure  of  the  material.  As  these 
cracks  propagate,  small  surface  areas  become  loosened  from  the  main  body  of 
the  bearing  material.  Once  such  a  fatigue  crack  or  pit  is  formed  it  becomes 
the  center  for  high  stress  concentrations  and  the  initial  fatigued  area  is 
rapidly  increased.  Ultimately  complete  failure  of  the  bearing  results.  The 
other  causes  of  premature  failure  listed  above  also  have  a  similar  effect  on 
the  bearing  surfaces  i.e.  causing  pits,  scratches,  race  eccentricities,  or 
other  physical  damage  to  the  bearing.  This  damage  causes  the  bearing  to  be¬ 
come  noisy  and  to  emit  vibrations.  The  frequencies  of  these  vibrations  can  be 
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calculated  in  a  simple  case.  The  calculations  are  b&ied  on  the  known 
bearing  geometry  and  the  speed  of  the  shaft  it  supports.  Theae  frequencies, 
their  definition,  and  derivation  are  shown  below: 

The  following  bearing  parameters  must  be  known  to  calculate  the  bear¬ 
ing  frequencies: 

d^  =  Outer  Diameter  of  the  inner  race 
d2  »  Inner  Diameter  of  the  outer  race 
d3  3  Diameter  of  the  bearing  element  (ball  or  roller) 

N  =  Nunber  of  elements  in  the  bearing 
D1  53  dl 

di  +  dg 


D2  = 


dx  +  d2 


The  bearing  frequencies  are  calculated  from  the  above  using  the  follow¬ 
ing  relations: 

Fr  =  Differential  rotational  frequency  between  the  inner  and  outer 
race  (shaft  rps) 

dp 

Fs  =  Element  spin  frequency  3  Fr  D^  (^-) 

Fp  =  Element  train  passage  frequency  =»  fr  D^ 

=  Frequency  of  a  rough  spot  on  the  element  =  2fs 

Fi  =  Frequency  of  a  rough  spot  on  the  inner  race  =  Fr  N  D2 

F0  =  Frequency  of  a  rough  spot  on  the  outer  race  =  Fr  N  Dj 
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The  energy  generated  at  these  repetition  rates  is  in  general  not 
sinusoidal  but  composed  of  waveforms  rich  in  harmonic  content.  This 
phenomenon  tends  to  spread  the  energy  associated  with  a  bearing  mal¬ 
function  throughout  the  frequency  spectrum  rather  than  confining  this 
energy  into  discrete  narrow  bandwidths.  The  following  discussion  will 
illustrate  this  point. 

Take  the  42*  gearbox  as  an  example.  The  gearbox  has  no  speed  change 
between  input  and  output  shafts.  It  has  a  duplex  input  and  output  bell 
bearing  plus  a  single  input  and  output  roller  rearing.  Further  assume 
that  the  nature  of  the  bearing  malfunctions  is  unknown  and  that  it  could 
be  either  on  the  input  or  output  bearing  set.  Table  6.4  lists  the  possible 
repetition  rates/frequencies  associated  with  a  malfunction  in  this  bearing 
assembly.  If  the  malfunction  is  a  fatigue  pit  on  the  outer  race  of  the  ball 
bearing  (F0)  the  vibration  transducer  would  sense  a  waveform  sililar  to  that 
shown  in  Figure  6-4l 

For  purposes  of  this  discussion  assume  the  input  and  output  shafts  are 
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rotating  at  4200  rpm.  The  fundamental  frequency  of  F0  would  be  346  Hz. 

However,  due  to  the  complex  shape  of  this  waveform,  harmonic  amplitudes  exist 

<*• 

at  2  F0,  3  Fq,  4  F0,  etc.  Also  shown  in  Figure  6-4l  is  an  arbitrary  waveform 
representing  Fr  (70  Hz).  This  waveform  is  also  complex  and  rich  in  harmonics. 
Harmonics  in  this  waveform  can  be  caused  by  shaft  eccentricities,  shaft  Tin- 
balance,  misalignments,  etc.  For  purposes  of  this  discussion  it  is  assumed 
that  significant  harmonic  amplitudes  exist  up  to  only  5  Fr.  There  is  a  complex 
modulation  phenomenon  that  occurs  between  the  basic  shaft  rotation  frequencies 
(Fr,  2  Fr,  ...  5  Fr)  and  the  F0,  2  F0j  .  .  .  5  F0  frequency  components. 
Figure  6-4l  shows  a  superposition  of  these  waveforms.  This  superposition  or 
complex  modulation  causes  a  sideband  structure  to  occur  centered  at  FQ  and 
multiples  of  F0.  This  sideband  structure  orients  itself  as  listed  below: 

F0  +  Fr»  F0  +  2  ?r,  .  .  .  F0  +  5  Fr 

2  F0  +Fr,  2F0  +  2Fr,  .  .  .  2  F0  *  ?  ?r 

3  F0  +  Fr,  3  F0  +  2  Fr,  .  .  .  3  F0  v  5  Fr 

4  F0  +  Fr,  4  F0  +  2  Fr,  .  .  .  4  F0  +  5  Fr 

5  F0  +  Pr,  5  F0  +  2  Fr,  .  .  .  5  F0  +  5  Fr 

Similar  sideband  structures  at  different  frequencies  can  be  developed  for 
F^  and  F^  and  are  illustrated  in  Table  6.4.  The  table  lists  only  the  basic 
repetition  frequencies  and  their  sideband  structure^  It  should  be  recognized 
that  the  above  development  was  for  a  simple  case  of  only  a  single  pit  on  either 
the  inner  race,  outer  race,  or  bearing  element.  As  the  number  of  pits  in¬ 
creases  the  modulation  process  becomes  difficult  +o  describe  mathematically. 

The  vibration  energy  associated  with  a  large  number  of  pits  would  tend  to 
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distribute  itself  in  the  frequency  spectrum  in  a  complex  manner.  Hie  emitted 
vibrations  would  tend  to  increase  or  decrease  depending  on  the  severity  of 
the  pitting.  The  exact  level  was  to  be  verified  during  the  test  cell  program 
for  good  and  bad  bearings. 

6. 4. 3. 2.2  Gears 


I 


Like  bearings,  gears  also  fail  from  a  mmber  of  causes.  Listed  below 
are  some  of  the  more  prevalent  causes  of  gear  failure. 

lv  Misalignment 

2.  Inadequate  Lubrication 

3.  General  wear 

4 .  Plastic  flow 

5 .  Surface  fatigue 

6.  Tooth  breakage 

The  above  malfunction  sources  cause  much  the  same  damage  to  gear  teeth  as 
was  the  case  with  bearings.  Minute  fatigue  cracks  form  in  the  gear  teeth, 
small  particles  cf  metal  flake  off  the  gear  teeth,  or  the  gear  teeth  are  de¬ 
formed  under  load  causing  the  gearaesh  to  run  rough  and  emit  vibrations  of 
increased  amplitude .  The  level  of  gear  vibration  tends  to  be  much  higher 
than  that  of  bearings  due  to  the  fact  that  load  transmission  is  involved. 

Like  bearings,  a  complex  modulation  process  occurs  for  gears.  Figures  6-42 
and  6-43  indicate  the  fundamental  gearmesh  repetition  rate  (Fq^)  at  4200  rpm 
for  the  42°  and  90°  gearbox  as  well  as  the  transmission.  For  the  42°  gearbox, 
the  fundamental  repetition  rate  is  1936  Hz.  Energy  of  this  repetition  rate 
is  also  complex  and  therefore  rich  in  harmonics.  Shaft  eccentricities  at  Fr 
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and  its  integer  multiples  can  cause  the  driving. gearteeta  to  be  driven  into 
and  away  from  the  driven  gearteeth  resulting  in  a  load  fluctuation.  The 
amplitude  and  phasing  of  tooth  contact  noise  (1936  Hz)  is  increased  and 
decreased  and  a  complex  modulation  process  occurs.  Sideband  structure  are 
formed  at  the  following  frequencies: 

PGM  +  Fr,  PGM  +  2  Fr,  .  .  .  PGM  +  5  Fr 

2  fGM  +  Fr ,  2  Pqu  +  2  Fr,  .  .  .  2  Fqm  +  5  Fr 

3  FqM  +  Fr,  3  PGM  1  2  Fr*  *  •  *  3  Fqm  +  5  Fr 

?ne  sideband  structure  is  carried  out  only  to  3  Fqm  to  illustrate  the 

point.  Vibration  data  on  the  42°  gearbox  taken  during  the  AIDAPG  program 
shows  that  the  sideband  structure  exists  at  least  out  to  Fqm  +  10  Fr  and 
2  Fqm  +  10  Fr.  An  analysis  similar  to  the  one  above  can  be  carried  out  for 
every  other  gearmesh  in  the  UH-1  power  train  system. 

(>, 4. 3. 3  Tradeoffs  in  Analysis  Techniques  &  Bandwidths 

All  arbitrary  broad-band  signals  can  be  considered  to  exist  in  three 
dimensions:  amplitude,  frequency,  and  time.  A  sinewave  for  example  is  an 
amplitude-time  relationship  that  exists  at  some  frequency.  A  plot  of  this  sine 
wave  time  history  on  an  amplitude  versus  frequency  basis  would  result  in  a 
vertical  line  at  the  frequency  of  the  sinusoid.  Such  a  plot  of  the  frequency 
content  of  an  amplitude  time  waveform  is  called  a  speetron  or  ix-equency  analysis. 

The  characteristics  describing  this  waveform  could  also  be  considered 
as  a  function  of  amplitude  vs.  time.  One  immediate  result  would  be  the  original 
amplitude  time  function.  If,  rather  than  viewing  this  waveform  in  real  time, 
another  time  function  equal  to  the  time  difference  between  arbitrary  sampled 
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points  on  the  waveform  were  introduced  and  the  characteristics  of  the  original 
waveform  were  displayed  as  a  function  of  amplitude  vs.  time  delay  or  difference  , 
a  correlation  function  would  be  obtained. 

On  the  other  hand,  if  the  arbitrary  amplitude  time  signal  were  analyzed 
with  respect  to  the  percentage  of  time  the  signal  exists  within  certain  amplitude 
limits,  a  probability  function  would  be  obtained.  Each  of  the  above  three 
functions:  frequency  spectrum,  time  correlation,  and  amplitude  probability 
are  important  analytic  tools  used  in  describing  the  characteristics  of  complex 
broadband  waveforms.  However,  the  most  widely  used  and  generally  understood 
presentation  of  signal  characteristics  has  been  a  plot  of  its  spectral  content. 
Among  the  many  factors  responsible  for  the  pre-eminence  of  spectral  analysis 
are,  (l)  the  successful  history  in  utilizing  Fourier  analysis  techniques  in  wave¬ 
form  analysis,  (2)  the  availability  of  wave  analyzers,  and  (3)  more  recefttiy 
the  availability  of  computer  programs  that  allow  waveform  analysis  to  be 
accomplished  using  digital  techniques. 

Befoi^  deciding  upon  a  specific  technique  and  system  to  perform  the 
vibration  analysis  on  this  program  the  following  additional  factors  were 
considered.  These  factors  outline  the  general  characteristics  the  analysis 
system  must  possess. 

1.  The  sheer  volume  of  d3ta  (approximately  400  separate  spectra)  to 
be  analyzed  on  this  program  dictated  the  analysis  should  be  done 
digitally. 

2.  The  generai  nature  of  malfunction  information  emitted  by  faulty 
gears  and  bearings,  i.e.,  their  anticipated  frequency  distribution 
indicated  that  a  system  with  good  frequency  resolution  was  needed. 
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3.  The  system  must  he  capable  of  analyzing  an  arbitrary  broadband 
signal  with  both  random  and  periodic  components  present. 

4.  The  system  should  have  a  large  dynamic  range  (60  -  80  db)  to 
handle  both  the  high  level  geamesh  vibration  signals  and  the  low 
level  bearing  signals, 

5.  Since  the  test  program  would  generate  data  requiring  many  compari¬ 
sons  of  good  and  bad  parts  in  both  test  cell  and  flight  operations 
an  analysis  system  that  would  facilitate  these  comparisons  was 
essential. 

6.  The  system  should  be  equally  useful  for  diagnostics  and  prognostics. 

7.  The  technique  employed  must  be  able  to  make  comparisons  between 
good  and  bad  parts  on  both  an  amplitude  and  frequency  basis.  This 
is  mandatory  if  fault  isolation  to  a  particular  line  replaceable 
unit  (LRU)  is  to  be  accomplished. 

8.  The  system  should  provide  for  increases  in  signal  to  noise  enhance¬ 
ment  capabilities  in  the  event  that  normal  operating  background  noise 
on  a  particular  component  obscures  the  desired  malfunction  signal 
information. 

These  considerations  clearly  indicated  that  narrow  band  spectral  analysis 
uould  be  required  at  least  as  an  intermediate  step  in  the  data  analysis  process. 
Figure  6-44  graphically  illustrates  the  usefulness  of  a  narrow-band  constant 
bandwidth  analysis  compared  to  other  more  coarse  types  of  frequency  analysis. 

In  this  figure  it  is  assumed  that  a  segment  of  broadband  analog  vibration  data 
is  analyzed  by  filters  of  various  bandwidths.  The  top  curve  shows  the  overall 
vibration  level  when  the  signal  is  analyzed  with  octave  band  filters.  As  can 
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be  seen  this  analysis  lacks  sufficient  resolution  to  give  any  significant 
information  about  the  frequency  content  of  the  broadband  waveform.  The  second 
curve  is  a  narrower  band  (l/3  octave)  analysis  of  the  same  broadband  waveform.  * 
Here  some  frequency  peaks  show  up  at  the  lower  frequencies  but  this  analysis 
also  loses  resolution  at  the  higher  frequencies.  The  third  curve  in  Figure 
6-44  shows  the  results  of  yet  a  narrower  analysis  bandwidth  or  constant 
percentage  analysis.  This  analysis  defines  more  frequency  peaks  in  the  spec  trim 
but.  also  suffers  from  adequate  resolution  at  the  higher  frequencies.  Finally 
the  bottom  curve-in  Figure  6-4 4  indicates  the  spectral  content  of  the  broad¬ 
band  wave  when  it  is  analyzed  by  a  narrowband  2  Hz  constant  bandwidth  filter. 
The  content  of  the  broadband  signal  can  now  be  seen  to  be  a  series  of  discrete 
frequency  components  arranged  in  a  systematic  order  in  the  frequency  spectrum. 

The  narrow  band  spectral  analysis  technique  used  on  the  AIDAPS  program 
involved  the  use  of  Power  Spectral  Density  (PSD)  units  £g2/Hz  or  (ln,/sec)2/Hz) . 
This  narrow  band  analysis  was  implemented  digitally  using  a  computer  and  a 
Fast  Fourier  Transform  (FFT)  algorithm. 

Three  steps  are  performed  to  extract  the  PSD  content  from  any  broadband 
complex  data  signal.  First,  the  signal  to  ce  analyzed  is  introduced  to  a 
narrow  band  filter  which  is  swept  over  the  desired  frequency  range.  Second, 
a  power  function  (squaring  operation)  is  formed  from  the  narrow  band  filter 
output.  In  the  third  step,  a  normalized  average  product  is  formed  by  inte¬ 
gration  and  division  of  this  product  by  the  effective  filter  bandwidth. 

Mathematically  the  above  operations  are  expressed: 
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P(f)  =  1 

T 

Lim  *o 

B  -i  0 

where:  P(f)  =  PSD 

Ys2  =  instantaneous  square  of  the  signal  within  a  narrow  bandwidth 
B  as  signal  bandwidth 

Closer  inspection  of  the  above  equation  reveals  that  in  order  to  obtain 
a  true  PSD,  data  records  and  averaging  time  must  be  infinitely  long  and  the 
bandwidth  must  be  infinitesimally  narrow.  It  is  thus  impossible  to  obtain  a 
true  PSD,  ratner  in  implementing  practical  PSD  analyzers  the  PSD  obtained  is 
an  estimate  of  the  true  PSD.  The  quality  of  this  estimate  is  dependent  upon 
compromises  between  data  record  length,  averaging  time,  and  analyzing  filter 
bandwidth.  An  important  point  to  remember  is  that  the  above  considerations 
apply  only  for  random  data  since  the  average  power  of  a  periodic  wave  is  the 
same  whether  it  is  averaged  over  one  or  many  periods.  Since  data  collected 
on  the  AIMPS  program  is  a  combination  of  harmonically  related  sinusoids  due 
to  various  rotational  speeds,  sinusoids  due  to  structural  responses,  and  ran¬ 
dom  signals,  one  of  the  first  questions  one  might  ask  is  how  good  must  the 
estimate  of  the  PSD  for  random  data  be  and  how  is  it  best  described. 

The  quality  of  a  PSD  estimate  is  related  to  the  statistical  degrees  of 
freedom  associated  with  a  random  data  sample.  The  number  of  degrees  of  freedom 
(N)  is  defined  as  N  =  2  BT,  where  B  is  the  analysis  filter  bandwidth  and  T  is 
the  length  of  the  broadband  data  sample  that  is  analyzed. 

It  has  been  shown  by  various  re  learcbers  that  the  output  of  a  narrow 
band  filter  approaches  a  Gaussian  distribution  when  broadband  random  noise  is 
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applied  at  the  input.  This  relation  holds  true  irrespective  of  the  distribu¬ 
tion  of  the  input  signal.  Since,  as  mentioned  earlier  for  PSD  work,  the  out-  * 
put  of  the  filter  is  squared,  the  properties  of  the  square  of  a  Gaussian 
random  variable  are  of  immediate  interest.  The  square  of  this  variable  follows 
a  chi-square  (X2)  distribution.  The  ability  to  specify  or  estimate  the  PSD 
is  related  to  this  chi-square  distribution  and  the  number  of  degrees  of  freedom 
associated  with  the  narrow  band  analysis.  Figure  6-45  shows  curves  commonly 
used  in  PSD  analysis  of  random  data  that  relate  the  quality  of  the  spectral 
estimate  to  the  number  of  degrees  of  freedom  for  various  confidence  limits. 

All  narrow  band  analysis  performed  on  the  AIDAPS  program  utilized  64  degrees 
of  freedom.  If  a  98$  confidence  level  is  assumed  the  curve  in  Figure  6-45  in¬ 
dicates  that  the  true  mean  square  value  lies  between  1.7  and.  7  times  the  obierved 
mean  square  value.  In  this  case  the  observed  mean  square  is  the  squared  and 
averaged  output  of  the  narrow  band  analyzing  filter  for  a  particular  increment 
of  bandwidth  within  the  analysis  range. 

More  simply,  imagine  a  series  of  similar  data  records  from  one  trans¬ 
ducer  mounted  on  one  component  such  as  the  42°  gearbox  were  taken  and  analyzed 
using  a  narrow  band  PSD  technique.  If  the  output  mean  square  signal  level  of 
the  same  narrow  band  filter  were  measured  for  each  of  the  data  samples  taken, 

and  the  data  was  truly  random,  that  level  could  vary  by  a  factor  of  1.7  or  2.4. 

•  7  1 

(98$  confidence  and  64  degrees  of  freedom) 

For  a  given  statistical  confidence  level  the  quality  of  the  PSD  estimate 
improves  as  the  statistical  degrees  of  freedom  increases.  However,  Figure 
6-45  indicates  that  the  rate  of  improvement  diminishes  rapidly  as  the  degrees  of 
freedom  increase.  The  number  64  chosen  for  this  program  was  a  compromise  betweet 
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required  accuracy,  required' analysis  bandwidth,  and  computer  compu¬ 
tation  time. 

The  narrow  band  spectral  analysis  technique  was  implemented  using  a 
digital  computer.  Analog  data  was  first  digitized,  and  the  digital  repre¬ 
sentation  of  the  analog  signal  was  stored  in  the  computer  memory.  The  memory 
capacity,  as  well  as  the  rate  at  which  the  analog  data  is  sampled  and  digiti'ad, 
are  important  considerations  which  affect  the  frequency  range  of  the  analysis 
and  the  frequency  resolution,  i.e.,  analyzing  filter  bandwidth. 

With  the  Fast  Fourier  Transform  (FFT^  utilized,  the  nominal  bandwidth 

1 

(b)  of  the  analyzing  filter  synthesized  in  the  FFT  algorithm  is  defined  as  the 
reciprocal  of  the  length  of  the  digitized  data  sample  which  is  stored  in  the 
computer  memory.  The  detailed  shape  of  the  filter  synthesized  is  shown  in 
Figure  6-16.  The  plot  is  normalized  to  the  nominal  bandwidth  B.  This  filter 
has  an  asymptotic  attenuation,  slope  of  l8  db/bandwidth  octave. 

Selection  of  the  exact  bandwidth  for  the  analysis  filter  involves  many 
considerations  and  some  compromises, 

1.  Earlier  the  statistical  degrees  of  freedom  associated  with  a  data 
sample  was  defined  as 
N  =  2  BT 

If  the  analysis  filter  bandwidth  B  is  made  narrower  and  the  degrees 
of  freedom  are  to  be  kept  constant  then  the  length  T  of  the  digitized 
data  sample  must  increase  directl/  as  filter  bandwidth  decreases. 
Other  things  being  equal  a  reduction  of  analysis  bandwidth  by  one 
half  would  double  the  computer  memory  requirements  and  the  length 
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of  time  required  to  make  a  digital  spectrun  analysis.  As  a  matter 
of  economics,  the  analyzing  filter  bandwidth  should  not  be  narrower 

i 

than  required  to  properly  resolve  the  significant  components  in  s 
broadband  data  signal. 

2.  The  selected  analyzing  filter  bandwidth  should  be  narrow  enough  to 
separate  high  level  normal  components  in  a  broadband  data  signal 
from  possible  adjacent  low  level  frequency  components  that  are  indica¬ 
tive  of  a  malfunctioning  gear  or  bearing.  In  order  to  make  a  satis¬ 
factory  bandwidth  selection  sane  knowledge  of  the  amplitude  and 
frequency  distribution  of  the  data  is  required.  The  Bell  Helicopter 
Company  report,  titled  Automatic  Inspection,  Diagnostic,  and 
Prognostic  System  (AIDAPS)  Testbed  Program  -  Task  II  was  especially 
helpful  In  this  area, 

3.  The  analyzing  filter  bandwidth  should  be  narrow  enough  to  provide 
sufficient  signal  to  noise  enhancement  so  that  low  level  bearing 
vibration  signals  can  be  separated  from  the  normal  operating  back¬ 
ground  vibration  level.  Again  this  requires  some  prior  knowledge 
of  the  expected  nature  of  the  broadband  data  in  order  to  make  an 
initial  selection.  The  degree  of  deterioration  of  a  particular 
bearing  or  gear  which  must  be  recognized  may  also  play  an  important 
part  in  filter  bandwidth  selection.  That  is,  as  the  part  wears,  the 
amplitude  of  the  malfunction  signals  may  increase  relative  to  the 
amplitude  of  the  background  vibration  level. 
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Die  following  example  serves  to  illustrate  hew  a  judicious  choice  of 
analysis  filter  bandwidth  can  provide  significant  signal  to  noise  enhancement 
in  the  case  of  a  signal  obliterated  by  noise.  Assune  a  sinusoidal  signal  of 
10  millivolts  rms  exists  vithin  a  random  signal  of  1  volt  rms  in  a  frequency 
band  from  10  Hz  to  2000  Hz.  This  sinusoidal  signal  could,  for  instance,  be 
a  beaiing  frequency  component.  If  this  composite  signal  were  applied  to  an  HHS 
meter,  the  meter  would  indicate  approximately  1  volt  rms  and  would  be  totally 
useless  in  an  attempt  to  separate  the  signal  frotu  the  noise.  The  RMS  signal 
to  noise  ratio  of  this  composite  signal  is  -40  db.  If  this  composite  signal 
is  applied  to  a  200  Hz  filter  which  is  centered  at  the  frequency  of  the  sinusoid 
the  filter  output  would  he  the  10  mv  rms  signal  plus  an  additional  noise 
component.  However,  by  reducing  the  spectrum  of  the  noise  signal  from  a  band 
1990  Hz  wide  to  one  20C  Hz  wide  the  level  of  the  noise  has  been  reduced  from 
1  volt  rms  to  317  mv  rms  (l  volt  rms  Of 

The  filter  output  signal  to  noise  ratio  is  now  approximately  -30  db,  a 
10  db  improvement. 

If  the  filter  bandwidth  was  reduced  from  200  Hz  to  20  Hz  the  filter  out¬ 
put  would  still  contain  the  10  mv  rms  sinusoid  but  the  noise  component  would 
be  reduced  to  100  mv  rms.  The  output  signal  to  noise  ratio  is  now  -20  db,  a 
10  db  improvement.  For  every  20  db  reduction  in  filter  bandwidth  the  signal- 
to-noise  ratio  is  enhanced  by  10  db.  Any  desired  degree  of  signal-to-noise 
enhancement  is  possible  provided  that  a  narrow  enough  filter  bandwidth  can  be 
obtained. 
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7a  a  similar  vein,  a  high  amplitude  normal  frequency  component  can 
obliterate  signals  In  adjacent  frequency  bands.  Reducing  the  analysis  filter 
bandwidth  can  improve  on  the  ability  to  discriminate  between  energy  sources. 
Consider  a  normal  sinusoidal  coeponent  of  1  volt  ms  at  1000  Hz  and  an 
analysis  filter  bandwidth  (B)  of  20  Hz.  If  it  is  desired  to  detect  a  signal 
of  10  nsv  rms  at  960  Hz,  close  examination  of  Figure  6-47  shows  that  it  is  not 
possible.  When  the  filter  is  tuned  or  centered  at  960  Hz  the  desired  10  snr 
signal  would  he  swamped  by  a  100  mv  component  due  to  the  1000  Hz  signal.  If 
the  filter  bandwidth  were  reduced  to  2  Hz  but  still  remained  centered  at 
960  Hz, the  Interfering  1000  Hz  signal  component  would  be  reduced  to  approxi- 
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It  can  be  seen  free  these  figures  that  as  the  statistical  degrees  of 
freedom  increase,  the  data  scatter  associated  vith  the  random  vibration 
improves-  This  is  most  noticeable  in  those  areas  of  the  graphs  between  the 
major  peaks.  These  areas  represent  the  normal  background  level  vibration 
which  tends  to  be  random  in  nature.  The  agreement  between  the  maximus/mlnlmum 
points  of  the  scatter  and  the  values  predicted  by  the  chi-square  distribution 
chart  referred  to  earlier  (Figure  6-45)  is  excellent. 

As  the  analyzing  filter  bandwidth  is  made  sucessivelv  smaller,  the  four 
graphs  also  indicate  the  improvement  on  spectral  resolution.  For  example, 
signii leant  readily  distinguishable  peaks  in  the  1.25  Hz  bandwidth  analysis  are 
completely  obliterated  in  the  40  Hz  analysis. 

To  convert  from  PSD  units  (which  in  this  case  are  in  inches  per  second 
squared  per  Hertz)  to  RMS  units  of  the  transducer  (inches  per  second  RMS)  the 
following  relation  is  used. 

RMS  inches/second  ="JPSD  x  BW1 

Here  PSD  refers  to  the  value  of  a  particular  peak  on  the  graph  and  is  read  on 
the  left  hand  vertical  axis  of  the  graph,  and  W  refers  to  the  particular 
analysis  bandwidth  used  in  an  analysis.  Depending  on  which  PSD  analysis  is 
being  used  (i.e.  Figures  6-48,  49,  50,  51)  the  corresponding  BW  would  be 
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either  kO,  20,  2.5  or  1.25  Hertz.  (fa  the  rigjbt  of  the  charts  are  makers  that 
correspond  to  EKS  transducer  mzx*  in  inches  per  second.  These  numbers  were 
obtained  by  using  the  above  relationship.  Additionally  where  significant 
peaks  occur,  a  change  In  attenuator  setting  was  sade.  She  full  scale  PSD 
value  for  these  particular  peaks  should  be  adjusted  accordingly,  as  indicated 
by  full  range  values.  For  example,  all  figures  show  significant  peaks  at  1850 
Hertz.  This  is  the  basic  gear  clash  frequency  for  the  h2°  gearbox  at  this 
operating  condition.  Just  above  the  peak  the  nunber  .01  indicates  that  the 
full  scale  value  for  that  particular  bard  is  (.01  inches/second)  squared/hertz 
rather  than  .001  (in.  /sec)  squared/hertz  as  is  the  case  for  the  majority  of  the 
spectrum.  This  type  of  presentation  is  necessary  due  to  dynamic  range  limita¬ 
tions  in  the  analog  equipment  used  to  make  the  analysis. 

The  final  compromise  for  bandwidth  chosen  for  the  majority  of  data 
collected  is  as  listed  below. 

Frequency  Range  Bandwidth  B  Ho.  of  Spectrum  Points 

0  -  5^z  Data  14.6hz  3^1 

(accelerometer  outputs) 

0  -  2  Hz  Data  5.9  Hz  . 

(velocity  pickup  outputs) 

6. 4.3.4  Statistical  Approaches 

The  narrowband  spectral  analysis  in  terms  of  amplitude  squared  per  Hz 
versus  frequency  is  only  an  intermediate  step  in  the  final  data  analysis 
process.  Not  only  must  a  practical  method  for  making  comparisons  between  good 
and  bad  vibration  spectra  be  implemented  but  also  the  implementation  of  this 
method  must  take  into  account  nhe  following: 
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1.  The  Banner  in  which  the  vibration  spectra  for  a  particular 
monitored  parameter  differs  between  samples  of  known  good 
components.  For  example,  the  expected  level  of  dispersion 
between  spectre  for  10  known  good  engines  would  be  a  deter¬ 
mining  factor. 

2.  The  change  in  vibration  spectrm  with  either  test  cell  oper¬ 
ating  condition  or  flight  test  operating  condition. 

3.  The  repeatability  of  spectra  obtained  fron  the  same  good 
component  checked  at  different  tines  following  removal  and 
re-installation  in  either  the  test  cell  or  aircraft. 

4.  How  best  to  arrive  at  a  vibration  spectrm  that  can  be  con¬ 
sidered  an  "average"  spectrm  representative  of  all  good 
components. 

5.  Effect  of  locations  of  transducers. 

6.  Correlation  of  the  vibration  spectral  pattern  with  known 
specific  mechanical  events  on  the  monitored  components . 

7.  Establishment  of  vibration  amplitude  threshold  that  dis¬ 
criminates  between  normal,  and  abnormal  operation  with  a 
high  degree  of  confidence. 

8.  Development  of  a  data  reduction  and  analysis  technique  that 
can  make  diagnostic  decisions  quickly  and  display  any 
abnormalities  in  a  convenient  format,  especially  in  view 
of  the  magnitude  of  data  that  is  involved,  (i.e.,  each  of 
the  spectral  analysis  performed  in  the  program  involved  at 
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least  341  individual  f requency/ amplitude  points  or  lines. 

Since  over  4,000  individual  narrow  ban!  spectra  vere  pro¬ 
cessed  daring  the  program,  1,264,000  (4,000  x  34i)  separate 
pieces  of  data  bad  to  be  Manipulated  and  coopered.  The 
sheer  voluoe  of  data  oade  digital  data  analysis  nandatory. 

Since  comparisons  between  vibration  signals  of  known  bad  and  good  cocpon- 
ents  vere  to  be  made,  information  would  be  required  regarding  the  average 
properties  of  these  signals,  the  probability  ef  their  occurrence,  their  aapli- 
tude  distribution  etc.  These  considerations  clearly  indicated  an  analysis 
based  on  the  statistical  properties  of  these  signals  would  be  required.  The 
statistical  approach  established  for  this  program  is  detailed  in  the  following 
sections. 

6.4. 3. 4.1  Generation  of  Means 

Once  the  narrow  band  vibration  spectra  for  a  given  sample  size  of  known 
good  components  operating  at  a  particualr  test  condition  vere  obtained,  a  mean 
or  average  spectnm  was  calculated.  This  was  accomplished  by  sunming  the  in¬ 
dividual  PSD  values  of  the  same  frequency  bands  in  each  individual  spectra  and 
dividing  the  sum  obtained  by  the  nvmber  of  Individual  spectra  used  to  generate 
the  mean.  As  a  result,  the  mean  spectra  also  contains  341  frequency  bands  but 
the  PSD  amplitude  in  each  hand  represents  an  average  value.  Figure  6-52  shows 
the  uean  calculation  in  detail. 

6. 4. 3. 4. 2  Standard  Deviation 

Similarly  tha  st&ndard  deviation (S')  is  also  calculated  for  each  of  the  341 
averaged  frequency  bands  in  the  mean  spectra.  This  is  shown  in  detail  in 
Figure  6-52.  The  calculated  staudard  deviation  does  not  imply  any  knowledge  of 
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the  amplitude  probability  distribution  of  the  signals  at  the  output  of  a  par* 
ticular  filter  band  and  is  independent  of  the  exact  distribution.  However, 
assuae  the  true  eaplitude  distribution  of  the  vibration  signals  of  the  various 
good  components  at  a  particular  filter  bend  output  is  known.  In  that  case, 
definite  confidence  liadts  could  he  established  for  that  hand  relating  the 
probability  that  most  of  the  sampled  vibration  amplitudes  of  known  good  cod* 
ponents  lie  between  specific  amplitude  limits.  As  an  example,  assume  a  normal 
or  Gaussian  amplitude  distribution  exists  at  Idle  output  of  a  particular  filter. 
This  assumption  also  tacitly  assumes  that  the  sample  size  Is  sufficiently  valid 
to  be  able  to  approximate  the  true  distribution  for  normal  components .  In  this 
case  setting  an  amplitude  limit  at  3  standard  deviations  above  the  mean  value 
for  that  frequency  band  vould  insure  that  99.7 h'f,  of  the  vibration  signal  ampli¬ 
tudes  in  this  frequency  band  would  be  within  this  limit.  The  3  <J~  limit  could 
be  uned  to  Indicate  general  wear  or  incipient  failure  of  a  suspect  component. 

6.4. 3.4. 3  Comparison  Summary 

Hie  comparison  summary  Is  a  tabulation  of  data  used  to  shew  the  dispersion 
of  both  known  good  and  bad  components  from  the  mean  spectra. 

Initially,  once  a  mean  spectrum  is  obtained  from  a  number  of  narrow  band 
spectra  for  good  parts,  each  of  the  good  part  spectra  is  compared  band  by 
frequency  band  against  the  mean  spectra  at  selected  multiples  of  the  standard 
deviation.  These  comparison  levels  for  each  band  are  the  mean  value  and  the 
mean  value  plus  1,  2,  3,  and  4  standard  deviations.  The  results  of  this 
comparison  are  tabulated.  The  number  of  frequency  bands  exceeding  the  above 
threshold  values  are  printed  and  a  graphic  display  of  their  occurrence  in  the 
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frequency  spectrum  is  generated.  See  Figures  b-53  and  6-54  for  examples. 

tabulation  gives  both  a  qualitative  and  quantitative  measure  of  the 
dispersion  between  known  good  components  on  a  frequency/amplitude  basis.  The 
interpretation  of  these  printouts  is  covered  in  detail  in  paragraph  6. 4. 3. 6. 
There  is  an  important  point  to  remember  regarding  these  threshold  values  (say 
the  2  (jT case).  Sven  though  an  item  spectra  is  checked  in  each  frequency  band 
at  the  2  <f* level  the  absolute  value  of  this  level  can  change  significantly  for 
each  of  the  3^1  frequency  bands  in  the  spectrum.  For  an  accelerometer  signal 
as  an  example,  the  actual  "g"  level  for  a  2  C"** threshold  level  could  vary 
from  0.1  to  30  g  across  the  spectrum. 

In  a  similar  manner,  each  narrow  band  spectra  of  a  known  bad  component 
is  compared  against  the  mean  spectrum  and  a  similar  tabulation  of  comparison 
levels  exceeded  vs.  frequency  xs  made.  The  mean  value  plus  4  standard  devi¬ 
ations  (M  +  4  )  was  initially  established  as  an  amplitude  threshold  above 

which  a  component  would  be  flagged  as  abnormal.  This  choice  was  based  on  the 
statistical  considerations  outlined  above  and  the  comparison  summaries  of  the 
known  good  spectra  used  to  establish  a  mean  spectra.  This  technique,  since 
it  tabulates  both  the  exceedance  of  a  predetermined  threshold  and  the  frequency 
band  In  which  it  occurs,  also  facilitates  correlation  of  the  exceedance 
pattern  at  the  4  level  with  the  known  vibration  frequency  geometry  of  the 
monitored  component  and  isolation  of  the  malfunction  not  only  to  a  line  re¬ 
placeable  unit  (LRU)  but  possibly  to  a  specific  defect  within  the  LRU. 


Hamilton  U 

Standard  fU 


6- 56 


Hamilton 

Standard 


U 

Ai*CM 

P» 


OVIMWO*  OMTIO  Arf*C«A»T  C(lM)ll«tQN 


HSER  6080 
Volume  I 


6.4, 3. 5 


Vibrational  Analysis  Implementation 

The  AIDA PS  vibration  data  was  recorded  on  analog  tape  in  both  the  test 
cell  and  flight  phases  of  the  program  and  shipped  to  Hamilton  Standard  for 
analysis.  The  first  step  in  the  analysis  process  which  is  illustrated  in 
Figure  6-55  was  to  verify  that  valid  data  was  recorded  on  the  tape.  This  was 
done  by  playing  back  the  data  and  observing  the  outputs  of  the  individual  tape 
channels  on  an  oscilloscope  looking  for  any  indications  of  invalid  data  such 
as  intermittent  data  signals,  spurious  noise  components  or  clipped  waveforms. 

The  outputs  of  the  individual  tape  channels  we i o  then  filtered  with  a  low- 

pass  filter  prior  to  being  fed  to  the  analog  to  digital  converter.  In  the 

analog  to  digital  converter  the  analog  signals  were  sampled  at  a  rate  deter- 

C 

mined  by  the  frequency  rai.ge  desired  and  the  digital  samples  recorded  on  digital 
tape,  A  computer  Fast  Fourier  Transform  (FFT)  Spectral  Analysis  Program  was 
then  used  to  perform  a  narrow  band  Powei  Spectral  Density  (PSD)  analysis  on 
the  digitized  data. 

Following  verification  of  the  narrowband  printouts  from  the  FFT  program, 
the  data  was  divided  into  two  groups  "good"  parts  and  defective  parts.  The 
narrowband  analyses  for  the  "good"  parts  were  then  segregated  by  transducer 
and  test  condition  and  a  mean  and  standard  deviation  spectra  generated  for  each. 
The  mean  of  each  analysis  band  is  generated  by  summing  the  PSD  values  for  each 
sample  of  that  band  and  dividing  by  the  number  of  samples.  In  a  similar  manner 
the  standard  deviation  of  each  analysis  band  is  generated  by  taking  the  sura  of 
the  squares  of  the  difference  between  each  sample  and  the  mean,  dividing  by  the 
number  of  samples  minus  one  and  then  taking  the  square  root.  A  computer  print¬ 
out  was  obtained  for  each  mean  and  standard  deviation  spectra  generated. 
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Following  generation  of  the  mean  and  standard  deviation,  the  individual 
narrow  hand  spectra  from  the  defective  parts  were  compared  against  the  mean 
spectra  using  the  computer.  This  involved  comparing  each  individual  frequency 
band  for  the  defective  part  spectra  against  the  corresponding  frequency  band 
of  the  mean  spectra  and  determining,  in  discrete  increments,  how  much  higher 
than  the  mean  spectra  the  defective  part  spectra  was.  A  computer  printout 
was  obtained  for  all  comparisons  made.  In  addition,  for  the  test  cell  data 
the  comparison  information  was  printed  out  in  the  form  of  an  X-Y  plot.  The 
comparison  summary  printout  indicated  by  how  much  and  at  what  frequency  the 
defective  part  spectra  exceeded  the  spectra  of  the  "good”  mean.  The  comparison 
summaries  were  then  analysed  to  determine  if  a  signature  existed  for  each  type 
of  defective  part. 

In  many  cases  a  data  sample  will  contain  frequency  components  above  the 
highest  frequency  of  interest.  If  these  frequency  components  are  not  attenu¬ 
ated  prior  to  digitizing  an  error  is  Introduced  In  the  form  of  spurious 
frequency  components  in  the  analysis.  It  is  worthwhile  mentioning  that  care 
was  taken  in  the  digitization  to  prevent  fold  over  or  aliasing  errors  by  use 
of  presarapling  filters.  The  Nyquist  sampling  theorem  states  that  the  sampling 
frequency  should  be  at  least  twice  the  highest  signal  frequency  of  interest. 

In  practice  a  sampling  rate  of  three  times  the  highest  signal  frequency  of 
interest  is  used.  Sampling  at  a  rate  lower  than  this  fails  to  consider  the 
fact  that  the  anti-aliasing  filter  does  not  provide  an  infinite  rate  of 
attenuation  at  the  cut-off  frequency,  but  rather  rolls  off  at  some  finite 
rate.  The  anti-aliasing  filter  used  in  the  AIDAPS  analysis  for  instance, 
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rolls -off  at  a  rate  of  30  db/octave.  The  output  filter  in  the  analog  magnetic 
tape  reproduce  system  provides  an  additional  40  db/octave  attenuation.  The 
data  is  sampled  at  the  rate  of  three  timer  the  highest  signal  frequency  of 
Interest  for  a  period  of  time  determined  by  the  manber  of  degrees  of  freedom, 
the  analysis  filter  separation  and  the  frequency  analysis  range. 

The  analysis  ranges,  anti-aliasing  filters,  sampling  rates  and  data 
sample  lengths  used  for  the  AIDAFS  vibration  data  are  shown  in  Figure  6-56. 

The  primary  consideration  which  determined  the  analysis  ranges,  filter 
separations  and  noise  tandwidths  listed  in  Figure  6-56  have  already  been 
covered  in  detail. 
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6.k.k  Test  Cell  Data  Documentation 

Throughout  the  AIDAPS  program  care  was  taken  to  adequately  document 
all  testing  and  data  analysis  work.  During  this  program  over  12,000 
vibration  data  records  were  recorded  on  50  reels  of  analog  tape  and  when 
analyzed  by  computer  over  five  miles  of  computer  printouts  were  generated. 

Figure  6-57  is  an  example  of  a  test  log  sheet  for  the  analog  tape 
recording  system.  Every  data  run  taken  in  the  test  cell  phase  was  indexed 
on  this  type  of  log  sheet.  This  log  sheet  lists  the  various  parameters 
needed  for  the  data  reduction  work  such  as  reel  number,  run  number,  run 
start  time,  tape  system  attenuators  and  transducer  serial  numbers.  In 
addition,  the  test  conditions  and  serial  numbers  of  the  components  and 
defective  parts  under  test  are  listed.  Figure  6-58  is  an  example  of  a 
master  data  log  sheet  to  which  each  test  log  sheet  iB  referenced.  This 
log  sheet  lists  t'e  tape  speed;  parameters  being  recorded  and  the  corresponding 
tape  track;  transducer  type,  serial  number,  and  sensitivity;  the  type  of 
signal  conditioning  and  preamplifier  equipment  used,  and  whether  direct 
or  PM  recording  was  used. 

Figure  6-59  is  example  of  a  special  AIDAPS  vibration  log  sheet  used 
for  this  program.  This  log  sheet  contains  a  description  of  the  defective 
part  implanted,  the  type  and  serial  number  of  that  part,  and  the  serial 
number  and  total  time  on  the  component  in  which  the  def .jtive  part  is 
installed.  Additional  information  such  as  date,  log  sheet  number  ond 
run  number  are  provided  to  reference  this  log  sheet  to  the  analog 


recorder  test  log  sheet. 
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^6.4.4  Continued 

As  explained  and  discussed  in  the  previous  "Data  Analysis"  section, 
there  were  three  different  types  of  computer  printouts  obtained  during  the 

> 

analysis  phase;  narrow  band  printouts,  mean  and  standard  deviation  print¬ 
outs,  and  comparison  summary  printouts.  The  following  paragraphs  explain  the 
interpretation  of  the  heading  information  on  these  various  data  printouts. 

Referring  to  the  heading  of  Figure  6-6 0  and  6-6l  for  a  moment,  "Item" 
refers  to  the  component  upon  which  the  particular  transducer  being  analyzed 
is  mounted;  engine,  transmission,  42°  or  90°  gearbox,  "S/N"  refers  to  the 
serial  number  of  the  component  under  test,  "Reel  Ho."  and "Run  No."  identify 
the  specific  analog  reel  and  run  being  analyzed, and  "Test  Log  Sheet  No." 
refers  to  the  analog  tape  test  logsheet  which  documents  this  particular  run. 

"Parameter  No."  and  "Parameter  Title"  specify  which  particular  trans¬ 
ducer  on  the  component  is  being  analyzed.  "Spectrum  No,"  is  an  identifying 
number  given  to  each  spectrum  to  facilitate  searching  through  the  digital 
tapes.  These  numbers  run  consecutively  from  0001  to  approximately  4000. 

"Item  Speed"  refers  to  the  input  shaft  speed  of  the  item  under  test 
while  "transmission  input  speed"  lists  the  corresponding  transmission  input 
speed.  Item  speed  for  the  engine,  however,  refers  to  the  output  shaft  speed. 
"Torque"  lists  the  torque  of  the  item  under  test  in  percent  or  in-lbs.  depeuding 
upon  the  particular  convention  used  in  the  various  ARADMAC  test  cells. 

"Frequency  range"  lists  the  analysis  range  and  "analysis  bandwidth"  lists 
the  effective  Bquared  bandwidth  of  the  analysis  filter. 
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The  narrow  band  analysis  is  printed  below  the  heading  in  ten  columns. 
Column  one  labelled  HfT  is  the  filter  or  frequency  band  identification 
number.  The  second  column  labelled  FREQ  is  a  Hating  of  the  filter  center 
frequency.  Column  three  is  a  coarse  plot  of  the  amplitude  of  the 
g-level  in  each  filter  band,,  each  asterisk  representing  a  3  db.  change 
in  amplitude.  Columns  four  and  five  are'  the  amplitude  -levels  in  peak  g’s 
and  inches/sec.  in  each  analysis  band.  Two  systems  of  units  were  used  because 
both  velocity  pick-ups  and  accelerometers  were  utilized  and  comparisons 
between  transducers  were  more  convenient  with  the  units  of  one  transducer 
converted  to  the  units  of  the  other.  Columns  six  through  ten  are  a  conti¬ 
nuation  of  columns  one  through  five  for  the  second  half  of  the  frequency 
range.  Below  the  narrow  band  printout  are  listed  the  characteristic 
frequencies  of  the  bearings  and/or  the  gearmesh  and  sidebands  of  the 
gears  closest  to  the  transducer  being  analyzed. 

Figure  6-62  is  an  example  of  a  mean  and  standard  deviation  printout  from 
the  test  cell.  Referring  to  Figure  6-62,  the  first  part  of  the  heading  lists 
the  mean  identification  number  and  the  narrow  band  spectra  that  composed  the 
mean.  This  information  facilitates  searching  through  the  narrow  band  print¬ 
outs  to  find  a  specific  spectra  for  a  !'good"  component.  The  parameter  numbers 
and  their  corresponding  mean  identification  numbers  for  the  test  cell  data 


are  as  follows 
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TEST  CELL  PHASE 
4201,4202,  4203 
4401,4402,  4403 
4601,4602,  4603 
0101,0102,  0103 
0301,0302,  0303 
0701,0702,  0703 
0501,0502,  0503 
0601,0602,  0603 
1101, 1102,  1103 
0201,  0202,  0203 
2101,2102,  2103 
2301,  2302,  2303 
3501,  3562,  3503 
3701,  3702,  3703 

The  second  part  of  the  heading  for  the  mean  and  standard  deviation 
printout  is  for  the  most  part  an  exact  duplicate  of  the  information  printed 
on  the  narrow  band  spectra.  Tape  reel  number,  run  number  and  spectrum 
number  are  not  listed  because  the  mean  is  made  up  of  several  different 
reels,  runs  and  spectrums.  The  "No.  of  Spec.  Avgd"  figure  indicates  how 
many  spectra  for  "good"  parts  went  into  the  mean. 
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Unlike  the  narrow  band  printouts  where  the  filter  output  was  tabulated 
in  both  g's  peak  and  ipe  peak  regardless  of  the  transducer  type,  the  mean 
printout  is  in  terms  of  the  units  of  the  particular  transducer.  The  first 


y 

I 


column  to  the  right  of  the  plot  gives  the  PSD  value  of  the  mean  in  terms 


of  average  units2/hz,  while  the  next  column  gives  the  mean  in  units  peak. 
The  units  referred  to  are  those  listed  in  the  heading  information  under 


"units"  and  correspond  to  the  type  of  transducer  used.  The  mean  printout 
plot  is  in  terms  of  the  PSD,  with  the  highest  PSD  value  obtained  in  the  mean 
plotted  on  the  extreme  right  and  the  remaining  values  plotted  in  2  db.  increments 
below  this,  for  a  total  range  of  40  db. 

The  standard  deviation  analysis  printout  (reference  Figure  6-63)  gives 
the  coefficient  of  variance  and  standard  deviation  of  the  mean  for  each 
filter  bandwidth.  The  standard  deviation  is  tabulated  in  the  units  of  the 
transducer  while  the  coefficient  of  variance  is  listed  in  percent.  The  plot 
that  accompanies,  the  standard  deviation  printout  is  a  plot  of  the  coefficient 
of  variance  with  a  0  to  hOOjh  scale  in  20$  increments. 

Figure  6-64  is  an  example  of  a  test  cell  comparison  summary  printout  for 
parameter  #59  "input  quill  and  output  quill  bearing",  for  the  42°  gearbox. 

This  particular  comparison  summarizes  the  results  for  the  defective  ball 
bearings  Implanted  in  the  42°  gearbox  for  one  of  the  three  test  conditions. 

The  mean  identification  number  indicates  which  mean  these  defective  parts 
were  compared  against.  The  "tape",  "run",  "channel"  and  "spectrum  number" 
identify  the  particular  defective  part  runs.  Referring  to  Figure  6-64, 
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6.4.4  Continued 

bed  107  bands  oat  of  341  exceeding  the  level  of  the  ■can.  At  the 
mean  plus  one  standard  deviation  level  there  were  only  67  bands  which 
shoved  exceedances.  The  scan  plus  two  standard  deviation  level  shows 
49  exceedances,  the  seen  plus  three  standard  deviation  level  39  exceedances  and 
the  sean  plus  four  standard  deviation  level  34  exceedances.  The  next  two  lines 
ere  a  list  of  the  band  numbers  of  the  34  individual  frequency  bands  which 
exceeded  the  aean  plus  four  standard  deviation  level.  The  revaluing  runs 
are  suausrlzed  in  a  similar  manner  showing  the  exceedances  at  each  of  the 
comparison  levels  and  the  band  nuabers  for  those  individual  frequency  bands 
which  exceed  the  mean  plus  four  standard  deviation  level.  Each  comparison 
aunnary  contains  all  of  the  data  samples  for  a  particular  defective  part. 

The  information  summarized  at  the  bottom  of  the  comparison  suanery  is  a 
repeat  of  the  information  contained  on  the  mean  and  standard  deviation 
printout.  A  total  of  348  of  these  comparison  summary  printouts  were  generated 
for  all  transducers  and  test  conditions  of  the  test  cell  phase. 
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Stannary  of  Test  Cell  Analysis 


Using  the  statistical  methods,  mesa  generation,  and  comparison  stannaries 
as  outliLsd  in  previous  sections  of  this  report,  analysis  of  the  test  cell- 
data  yielded  the  following  result  s’. 

1.  In  every  esse  of  a  bad  implant  on  either  the  engine,  transmission,  or 
gearboxes  4  (f~ exceedances  were  observed  when  a  cooper  Ison  was  nece  of 
a  vibration  spectrum  for  a  “bad”  part  against  the  mean  spectrum  for  “good” 
parts.  In  addition,  4  (fexcee  dances  were  observed'  not  only  on  that  trans¬ 


ducer  closest  to  the  known  implant,  bat  8 Iso  on  those  transducers  relatively 
far -removed  from  the  known  implant.  For  example,  on  the  transmission  which 
was  instrumented  with  seven  vibration  sensors,  a  faulty  gear  implant  on 
the  upper  sun  gearaesh  caused  4(5“ exceedances  on  all  seven  sensors.  This 
Indicated  a  substantial  amount  of  transmissibility  between  the  various 
components  within  the  transmission.  The  same  phenomenon  was  observed  in 
the  case  of  transducers  on  the  engine  and  gearboxes. 

2.  For  faulty  gear  implants,  the  comparison  summaries  indicated  that  the  4  (T~ 
bands  exceeded  were  primarily  associated  with  the  basic  gear  clash  of  the 
particular  gear  and  its  sidebands.  Also  evident  are  the  harmonic  frequencies 
of  the  basic  gear  clash  frequency  and  the  additional  sideband  structures 
associated  with  the  harmonics.  However,  for  known  bad  gesr  implants  there 
is  no  single  frequency  band  thst  can  be  used  as  a  consistent  indicator  of 
a  faulty  gear.  Depending  on  the  particular  gear,  the  dominant  4  (J~  frequency 
band  might  be  the  5th  and  6th  upper  sidebands,  or  the  1st  8nd  3rd  lower 
sidebands,  etc.  The  comparison  summary  plots  graphically  show  this  trend. 
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For  exsnpie,  take  the  css#-  of  three  different  faulty  sou  sears  whose 
fcaagneatal  gear nesi  frequency  is  645  hertz  wbea  the  input  quill  is 
running  et  6600  rpm,  (reference  Figures  6-65*  6-66).  She  comparison 
stannary  displays  the  combined  4  (T~ exceedances  of  all  three  gears  vs.  the 
frequency  bands  ia  which  these  exceedances  occurred.  la  no  case  do  all 
four  inpie trfc?  share  a  cannon  frequency  band  at  the  b(S~ level  (i.e.  no 
100£  frequency  bands).  The  same  trend  was  observed  for  gear  implants  in 
the  k2P  end  9CP  gearboxes. 


3.  In  the  case  of  bearing  implants  a  distinction  between  engine  bearings  and 


I 


transmission  and  gearbox  bearings  must  be  made.  This  important  point 

t 

is  fully  expanded  in  the  following  paragraphs.  Realization  of  the 
necessary  distinction,  however,  leads  to  two  significant  conclusions. 

l)  For  degraded  transmission  and  gearbox  bearings  (at  least  for 
the  degradation  level  utilized  in  the  test  cell  implants) , 
bearing  frequencies  can  be  picked  up  but  are  low  in  energy, 
and  require  more  sophistication  to  detect  than  the  con¬ 
current  8na  resultant  changes  in  the  gearmesh  frequency  and 
its  sidebands. 


4 L 

FU 


BSEBS090 
Volame  1 


1 


i- 


Cojiticaoea 

2)  For  degraded  engine  hearings  the  bearing  freqoercier  should  be 
considered  of  great  interest  since  fault  levels  are  trucb  higher 
in  asegnitme  than  in  the  case  of  the  transmission  and  gearboxes, 
and  since  these  fanlts  nay  not  sanifest  themselves  in  engine 
rotation  frequency  components  (i.e,,  shaft  unbalance  of  the  R^ 
and  I»2  systess) . 

The  above  conclusions  are  amplified  in  the  succeeding  paragraphs. 

a.  Transmission  and  Gearbox  Bearing* 

In  every  case  of  a  known  bad  bearing  implant  in  Either  the  transmission 
or  gearboxes,  the  spectral  analysis  performed  indicated  no  4  (Texceedancea 
in  frequency  bends  that  could  be  associated  with  pits  on  the  bearing  inner 
or  outer  races  or  the  rolling  element.  The  pattern  that  was  observed  was 
similar  to  that  for  a  faulty  gear.  For  example,  for  a  bad  bearing  implant 
in  the  42°  gearbox,  spectral  analysis  and  comparison  indicated  4  <T" exceed¬ 
ances  associated  with  the  gear  clash  frequency  of  the  42°  gearbox.  In 
addition,  shaft  unbalance  components  were  found  associated  with  the 
rotational  speed  of  the  shaft  which  the  faulty  bearing  supported.  This 
pattern  was  again  observed  for  all  bearing  implants  in  both  the  trans¬ 
mission  and  gearboxes.  A  faulty  main  mast  bearing,  for  example,  indicated 
4  (T^exceedances  associated  with  the  upper  sun  and  planetary  gearmesh.  This 
gear  system  drives  the  shaft  supported  by  the  ms  in  mast  bearing.  Since  this 
trend  was  consistently  observed  throughout  tne  test  cell  data,  and  as  a 
result  cf  data  analysis  to  be  subsequently  referred  to,  it  was  concluded 
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that  there  was  a  mechanical  reaction  between  the  faulty  bearing,  the  shafting, 
and  the  gears,  causing  the  geamesh  to  run  rougher  and  emit  increased  vibrations, 
mis  reaction  is  not  due  to  any  pitting  on  the  bearing  raceways  or  rolling 
element  but  is  caused  by  a  general  wear  in  the  bearing  assembly  with  attendant 
increases  in  shaft  eccentricities  and  misalignments. 

To  establish  the  magnitude tf  frequencies  associated  with  pita  on  the 
bearing  elements  used  on  this  program,  a  sample  of  test  cell  data  from 
the  42°  gearbox  was  analyzed  with  filters  of  various  bandwidths.  This  is 
shown  in  Figures  6-48,  6-49,  6-50  and  6-51.  This  42°  gearbox  had  a  faulty 
bearing  while  at  the  same  time  the  90°  gearbox  had  a  faulty  gear.  (The 
42°  «nd  90P  gearboxes  were  run  as  pairs).  The  spectrum  obtained  by  the 
digital  analysis  is  roughly  equivalent  to  the  resolution  midway  between 
Figures  6-49  and  6-50.  The  PSD  plots  of  Figures  6-50  and  6-51  were 
generated  using  filter  bandwidths  of  2.5  hertz  and  1.25  hertz.  Figures 
6-48,  6-49  and  6-50  show  the  spectrum  to  5  KHz  while  Figure  6-51  shows 
the  spectrum  limited  to  2  KHz.  It  should  be  noted  that  these  spectral 
plots  were  generated  from  the  same  sample  of  analog  vibration  data. 

Inspection  of  these  four  curves  indicates  that  as  the  analyzing  filter 
bandwidth  is  decreased,  more  peaks  can  be  distinguished  in  the  frequency 
spectrum.  In  the  2.5  Hz  and  1.2p  Hz  analysis  an  almost  bewildering  array 
of  spectral  peaks  can  be  observed.  The  frequencies  of  these  various 
responses  have  been  labeled  and  identified.  To  determine  which  frequencies 
are  associated  with  a  bearing  and  which  are  caused  by  gearmesh  the  various 
frequencies  must  be  sorted  out. 
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The  majority  of  .Mgfc  amplitude  responaea  are  associated  with  shaft  unbalance 
frequencies,  ;earme:sh,  and  geannesh  sidebands.  Although  these  plots  are 
obtained  from  transducers  located  on  the  429  gearbox,  it  can  clearly  be 
seen  that  the  gearr^ah  and  sideband  structure  associated  with  the  909 
gearbox  is  present.  This  indication  of  transmissibility  between  gear¬ 
boxes  on  the  test  rig  hinted  at  the  potential  transmissibility  that  might 
be  encountered  on  the  aircraft  when  all  components  of  the  UH-1  power  train 
system  would  be  coupled  together. 

To  assist  in  identify! tg  the  major  peaks  and  their  sources,  detailed 
knowledge  of  the  frequency  geometry  of  both  gearboxes  is  required.  The 
following  tabulation  liiits  the  major  frequency  peaks  and  the  sources  of 
these  components. 

420  GBX  SHAFT  UNBALANCE  Fr42  +  2Fr42  +  ...  +10Fri|2 
and  HARMONICS 

420  GBX  FUNDAMENTAL  GEARMESH  F^g  +  F^g  +  . .  •  +  10FrJ+g 
FREQUENCY  AND  SIDEBANDS 

42°  GBX  2  ND  HARMONIC  GEARMESH  2Fgmj|2  +  F^g  +  . . .  +  10Frl+2 
FREQUENCY  AND  SIDEBANDS 

90°  GBX  INPUT  SHAFT  UNBALANCE  SAM  AS  42°  GBX 

9C 9  GBX  OUTPUT  SHAFT  UNBALANCE  F  QyQ  +  2Fr0?Q  +. . .  +  10Fr090 

90°  GBX  FUNDAMENTAL  GEARMESH  F^oq  +  2  Fr42  ±  •  •  •  10  Fr04g 

AND  INPUT  SHAFT  SIDEBANDS 

90°  GBX  FUNDAMENTAL  GEARMESH  F^q  +  Fr090  +  . . .  IOF^q 
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As  an  aid  In  sorting  the  various  spectral  peaks  on  the  graphs, 
the  following  table  was  made.  It  lists  the  various  sources  of 
vibration  and  identifies  then  with  a  code.  This  code  must  be  used  in 
interpreting  the  various  spectral  peaks  on  the  graphs  of  Figures  6-40 
to  6-51- 

Codes  for  spectrum  analysis  Figure  6-48  to  6-51 


A+i,  A+3# 

A-l,  A-2»  A-3# 

B 

Bfli  Bf2 1  Bf3# 

B-l»  B-2>  B-3> 
C 


42°  gearmesh 

42°  gearmesh  upper  sidebands 
42°  gearmesh  lower  sidebands 

2nd  harmonic  42°  gearmesh 
2nd  harmonic  upper  sidebands 

2nd  harmonic  lower  sidebands 


90°  GM  gearmesh 


0+1*  c+2>  0+3* 

• 

• 

9 

C+n 

90°  GM  upper  sidebands 

C-i,  0-2*  c-3> 

• 

• 

9 

0-n 

90°  GM  lower  sidebands 

Vt-l*  *4-2*  E<-3* 

• 

• 

9 

14-n 

90°  GM  upper  sidebands 

A-l^  B-2>  d-3» 

• 

9 

9 

ELn 

90°  lower  sidebands 

E 

2nd  harmonic  90°  gearmesh 

*4-1*  E+2>  **3> 

m 

9 

J9 

$fn 

90°  upper  sidebands.. 

E-l*  e«2;  e-3> 

• 

9 

9 

E-n 

90°  lower  sidebands 

F+l*  F+2>  f+3> 

• 

9 

9 

F+n 

90°  upper  sidebands 

F-l*  F-2>  f~3* 

• 

9 

9 

F-n 

90°  lower  sidebands 

°1»  g2»  G3>  * 

• 

9 

On 

Shaft  imbalance  (72  Hz) 

Bl>  B2*  b3*  • 

• 

9 

»n 

Shaft  unbalance  (28  Hz) 

input  shaft 

output  shaft 

input  shaft 

output  shaft 
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For  the  Item  speed  for  which  these  PSD  plots  were  generated: 

Fy.^g  -  68  hertz 

rMk2  * 1832  hertZ 

FGM90  = 1017  hertz 

F =2 6  hertz 

r090 

Substitution  of  these  frequency  values  in  the  above  relationships  allows 
the  major  responses  to  be  identified  on  the  spectral  plot. 

Figure  6-4 2  lists  all  the  predominant  sideband  frequencies  associated 
with  the  gearraeshea  in  the  42°  and  90°  gearboxes  and  the  transmission. 
These  frequencies  were  tabulated  based  on  6600  rpm  at  the  transmission 
input  quill  as  a  reference.  Any  change  in  the  reference  speed  of  6600  rpm 
will  change  the  location  of  the  gearclash  and  sideband  structure  for 
each  gearmesh  in  the  power  train.  For  example,  the  gearmesh  for  the 
42°  gearbox  based  on  a  transmission  input  shaft  speed  of  6600  rpm  as 
a  reference  is  1936  hz.  A  Vfc  change  in  shaft  speed  would  change  the 
gearmesh  frequency  by  Vjo  or  19.4  hertz  and  cause  the  sidebands 
associated  with  this  gearmesh  to  shift  by  a  similar  amount. 


A  speed  correction  technique  was  employed  in  the  digital  data  analysis 
to  correct  for  rig  speed  variations  to  within  +  1  analysis  filter 
bandwidth.  This  speed  correction  technique  coupled  with  +he  averaging 
spectra  and  the  statistical  analysis  techniques  employed  in  the  data 
analysis  was  initially  considered  adequate. 
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Once  all  the  gearaesh  and  sideband  and  shaft  unbalance  components  in 
the  spectrum  were  identified,  a  search  for  frequencies  that  could  be 
related  to  the  pit  frequencies  for  the  42°  gearbox  bearings  was  made. 
fable  6-4  lists  the  frequencies  that  are  associated  with  a  pit  on 
the  inner  and  outer  races  and  rolling  element  for  both  the  ball  or 
roller  bearing  associated  with  the  42°  gearbox  input  and  output 
shafts.  Since  there  is  no  speed  change  in  the  42 9  gearbox,  both  the 
input  and  output  bearing  frequencies  are  the  same.  The  "boxed-inM 
frequencies  in  the  table  indicate  the  various  pit  frequencies.  If 
no  modulation  was  present,  these  frequencies  and  their  harmonics 
would  be  the  only  frequencies  present  in  the  spectrum.  The  frequencies 
in  the  table  have  been  corrected  to  6238  rpm. 

Inspecting  the  1.25  hertz  spectrum  analysis  of  Figure  6-51,  snmller 
responses  can  be  observed  throughout  the  spectrum  including  that 
portion  where  the  pit  frequencies  would  be  expected.  One  signif ica.lt 
observation  regarding  these  smaller  peeks  is  the  frequency  separation. 

This  separation  varies  between  6  hz,  10  hz,  and  15  hz  and  repeats  itself 
systematically  throughout  the  spectrum.  If  these  components  are  the 
bearing  pit  f requenc  ,  an  explanation  is  required  for  this  unusual 

spectral  distribution. 

Assuming  a  complex  modulation  process  exists  for  the  bearings  as  is  the 
case  for  gears,  the  remainder  of  the  frequencies  in  Table  6-4  were 
generated.  In  implementing  the  frequency  structure  in  the  figure, 
it  xas  es8umed  that  th1-  basic  pit  frequencies  were  modulated  in  some 
complex  manner  by  frequencies  associated  with  the  speed  of  the  shsft  which 
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the  bearings  support  -  in  this  case  68  hertz.  In  a  manner  similar  to 
■  that  for  gearmesh  sidebands,  68  hertz  and  harmonic  multiples  of  this 

i 

|  frequency  were  added  to  and  subtracted  from  the  basic  pit  frequency 

I 

;  repetition  rateibr  the  various  bearing  elements.  Fitting  this 

|  frequency  structure  to  that  indicated  in  the  spectral  plot  of  Figure  6-51 

> 

\  gave  excellent  correlation. 

\ 

\ 

\  Though  not  shown  in  the  table,  harmonics  of  the  basic  pit  repetition 

rate  can  be  modulated  by  the  shaft  rps  and  its  multiples  to  produce  a 
similar  frequency  structure  higher  in  the  spectrum  just  as  the  spectral 
plot  indicates.  Since  the  amplitudes  of  these  frequencies  that  were 
tentatively  associated  with  bearing  pits  are  so  low,  a  number  of  tests 
to  insure  the  validity  of  the  spectral  data  were  performed. 


* 


t 


To  eliminate  the  possibility  that  inherent  system  noise  in  the  record/ 
reproduce  data  gathering  and  analysis  process  was  a  significant  factor, 
a  spectral  plot  of  the  recording  and  playback  system  was  made  with 
the  system  in  the  zero  standardize  mode.  In  this  operating  mode  the 
transducer  is  disconnected  from  the  recording  system,  the  input  to  the 
signal  conditioners  is  terminated  in  a  low  resistance  representative  of 
the  transducer  output  impedance,  and  a  tape  recording  is  made. 

Spectral  analysis  of  this  recording  will  indicate  the  magnitude  of  the 
total  system  noise  exclusive  of  the  transducer.  Figure  6-6 7  is  a  PSD 
spectral  plot  of  the  zero  standardize  mode  dsta.  The  peaks  between 
0-1,000  hz  are  power  line  components,  60  hz  and  harmonics  of  60  hz. 
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The  maximum  component  at  240  hz  is  approximately  1  x  10~^  inches/second 
squared  per  hertz  (PSD  units  of  the  transducer).  Converting  this  to 
RMS  units  of  the  transducer  using  the  relationship  RMS  units  = 

^sFTBW,  a  level  of  .005  inches/second  RMS  is  obtained.  This  is 
the  amount  of  pover  line  component  at  this  frequency  (240  hz)  that  is 
coupled  into  the  system.  In  a  similar  manner  the  average  level  of 
the  system  noise  throughout  the  spectrum  is  about  1.2  x  10”^  (inches/ 
second)  squared/hertz.  Converting  this  to  equivalent  RMS  transducer 
units,  a  value  of  .001  inches/second  RMS  is  obtained.  ThiB  number 
represents  the. average  noise  level  of  the  record  and  playback  system 
and  is  the  lower  limit  of  signal  detection.  That  is,  any  signal  lower 
than  .001  inches/second  would  be  effectively  mixed  in  with  the  system 

,  .  i 

noise  and  irretrievable.  Comparing  the  spectral  plot  of  the  zero  standard 
,  ize.  Figure  6-67  with  the  2.5  hz  data  spectrum,  Figure  6-50  it  can  be 
.seen  that  the  system  noise  level  is  sufficiently  below  the  level  of  the 

'  ■  i 

data  signals  associated  with  bearing  pit  frequencies. 

In  a  similar  manner,  it  is  possible  for  magnetic  tape  recording  and 

i 

reproducing  systems  to  distort  recorded  data  due  to  speed  variations 
commonly  termed  as  flutter.  This  concern  is  especially  important  when 

i 

trying  to  determine  whether  low  amplitude  level  signals  such  as  those 
observed  for  bearing  pits  are  valid. 

High  amplitude  signals  recorded  on  tape  are  effectively  modulated  by 
the  flutter  and  spurious  sidebands  related  to  the  flutter  frequencies 
are  created.  The  amount  of  distortion  that  is  created  depends  on  the 
level  of  the  modulated  signal  and  the  amount  of  flutter. 


HSER6080 
Volume  I 


Hamilton, 

Standard 


«_ 

n* 


HSER6080 
Volume  I 


(<.h.5  (3)(n) 


Continued 

For  example,  the  spectral  analysis  plot  of  Figure  6-51  (1.25  hz  bandwidth) 
has  many  high  level  gearmesh  and  sideband  frequencies  in  the  spectrum.  * 

It  is  possible,  due  to  poor  flutter  characteristics  in  either  the  tape 
recorder  or  reproducer,  to  generate  new  frequencies  not  associated  with 
the  data.  To  assess  the  significance  of  this  effect,  and  as  a  check  on 
the  record/reproduce  system  flutter,  a  spectral  analysis  was  performed 
on  a  full  scale  standardize  tape  record. 

In  the  full  scale  standardize  mode,  the  vibration  transducer  is 
disconnected  from  the  system  and  a  fixed  200  hertz  sinusoidal  signal  of 
a  precise  amplitude  is  inserted  in  all  recording  channels  to  calibrate 
the  system. 

Figure  6-68  is  a  spectral  plot  of  a  full  scale  standardize  tape  record 
using  an  analysis  filter  bandwidth  of  1.25  hertz.  The  most  obvious 
and  highest  level  component  is  the  calibration  frequency  at  203  hertz 
at  a  PSD  level  of  . 142  (inches /second)  squared/hertz.  The  second  harmonic 
cf  this  calibration  signal  is  also  evident  at  4o6  hertz.  The  amplitude 
of  the  2nd  harmonic  is  only  2  x  10"^  (inches/ second)  squared/hertz. 

The  sideband  structure  indicated  in  the  spectral  plot  is  caused  by  flutter 
in  the  tape. record/reproduce  systems  modulating  the  203  hertz  signal. 

This  signal  is  recorded  at  a  full  scale  level  and  is  about  10  times 
higher  than  the  highest  peak  on  the  data  spectrum  of  Figure  6-51. 

Accordingly,  the  level  of  the  flutter  sidebands  should  be  decreased 

from  2  x  10"6  PSD  units  2  x  10-7  PSD  units  in  relating  the 

flutter  effect  to  the  data  spectrum.  This  level  of  2  x  10“ 7  PSD  units 
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is  substantially  belov  the  overall  noise  level  of  the  system. 

.  Consequently,  flutter  effects  on  the  data  were  d recounted. 

A  final  test  of  the  spectral  data  concerned  itself  with  the  random 
background  vibration  evidenced  on  the  spectral  plot.  This  random 
data  in  the  spectrum  can  be  most  easily  seen  as  the  fluctuations 
between  the  major  peaks  of  the  gearclash  sidebands. 

To  insure  that  the  low  level  peaks  associated  with  the  bearing  pit 
frequencies  are  not  caused  by  random  vibration  fluctuations,  limits 
must  be  established  for  the  expected  variation  of  the  random  data. 

It  will  be  recalled  from  the  previous  discussion  on  PSD  analysis  that 
the  true  PSD  value  of  random  data  is  never  obtained.  The  quality  of 
the  estimate  is  related  to  the  statistical  degrees  of  freedom  of  the 
data  record  and  the  chi-square  distribution-  Horizontal  lines  repre¬ 
senting  the  limits  of  minimum  and  maximum  excursion  of  the  random  dsta 
that  would  be  statistically  expected  for  the  analysis  in  Figure  5-51 
are  indicated  on  the  spectral  plot.  For  the  degrees  of  freedom  of  this 
analysis,  these  limits  indicate  a  band,  with  98$  confidence. within  which 
the  amplitude  fluctuations  associated  with  the  random  vibration  will 
fall.  The  spectral  peaks  associated  with  the  bearing  pit  frequencies 
are  substantially  above  these  limits. 
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The  amplitudes  of  these  bearing  pit  frequencies  average  approximately 
.003  inches/secood  HMS.  This  can  be  determined  by  looking  at  the 
right  hand  vertical  axi8  of  Figure  6-51  where  the  corresponding 
transducer  units  for  a  particular  PSD  vslue  8 re  shown.  This  level 
would  not  be  detected  by  the  coarser  bandwidth  used  on  the  digital 
analysis. 

b.  Engine  Bearings 

The  pit  frequencies  associated  with  the  engine  bearings  were  easier 
to  identify  than  those  on  the  transmission  or  gearboxes.  The  teat 
cell  data  on  engine  bearings  shows  that  the  pit  frequencies  fall  very 
close  to  those  predicted  by  calculation.  The  data  also  indicates  that 
the  signal  levels  associated  with  the  engine  bearing  pit  frequencies 
are  at  higher  levels  than  the  signals  obtained  for  transmissions  and 
gearboxes.  Fitst,  the  pit  frequencies  are  higher  in  the  frequency 
spectrum  giving  more  "g’s  for  a  given  displacement  Second,  the 
centrifugal  loading  on  the  rolling  elements  increases  as  the  square 
of  rpm.  For  example,  assume  that  the  42°  gearbox  and  engine  bearing 
rolling  elements  are  the  same  distance  from  their  respective  rotating 
axes.  The  approximate  six  to  one  speed  difference  between  these 
components  indicates  that  the  engine  bearing  rolling  elements  are 
subjected  to  36  times  the  centrifugal  losding  of  the  42°  gearbox 
bearing  rolling  elements. 


6-78 


Hamilton  U. 

Standard  P» 


USER  6080 
Volume  I 


.6  Summary  of  Test  Cell  Data 

Figure  6-69  is  8  complete  summary  of  the  test  cell  data  for  one  test 
condition  on  the  engine.  Figures  6-70,  6-71,  6-72  are  similar  summaries 
for  the  transmission,  42°  and  90°  gearbox  test  cell  data.  Each  summary  gives 
the  part  name,  part  number,  and  part  serial  number  of  each  part  tested,  as 
well  8s  the  number  of  each  type  tested.  A  description  of  each  defective 
part  is  given  along  with  the  serial  number  of  the  component  in  which  the 
defective  part  was  implanted.  The  number  of  bands  which  exceeded  the  4  <T~ 
threshold  level  are  listed  along  with  the  band  numbers  of  each  of  these 
exceedances.  Not  all  of  the  summary  sheets  contain  the  band  number  information. 
For  example,  in  Figure  6-69,  there  are  no  band  numbers  listed  for  the  engine 
test  cell  data.  This  is  due  to  the  fact  that  the  band  numbers  were  not  printed 
out  as  such,  but  instead  the  frequency  information  was  printed  out  in  an  X-Y 
plot  format  for  this  component.  This  is  also  true  for  the  defective  gear 
cases  for  parameter  #6l  on  the  42°  gearbox.  These  summary  sheets  are  simply 
a  synopsis  of  all  of  the  AIDAPS  vibration  log  sheets  and  comparison  summaries 
generated  during  the  program. 
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The  same  equipment  as  described  in  Section  6.4.1  was  also  used  during 
the  flight  test  phase  of  the  program  with  same  minor  modification.  The 
system  as  described  previously  is  basically  a  12-channel  system,  but  since 
additional  recording  capacity  was  required  for  the  flight  phase,  an  additional 
Tape  Junction  Unit  and  Tape  Pre-amp  Case  were  added  to  expand  the  system 
capacity  to  24  channels.  Since  the  tape  recorder  itself  has  only  14  tracks 
available  for  recording,  the  signals  from  each  Tape  Pre-amp  Case  were 
routed  through  an  automatic  switching  box  which  sequentially  recorded  each 
of  the  TPC  outputs  for  a  predetermined  time  interval  once  the  record  mode 
was  initiated. 


6-8o 


The  flight  test  operating  conditions  are  listed  in  Table  6~? .  These 
conditions  were  chosen  as  being  representative  of  the  higher  power  steady 
state  conditions  flown  during  a  typical  mission  profile.  They  -were!  conditions 
which  could  be  readily  set-up  and  held  by  the  pilot  for  the  30  second  re¬ 
cording  time. 

Figures  6-94,  95,  96,  and  97  (Flight  Test  Summary  of  Results)  contain 
susnaries  of  all  defective  parts  implanted  in  the  engine,  transmission, 

42°  gearbox,  and  90°  gearbox  during  the  flight  test  phase.  Each  summary 
contains  the  part  name,  number,  and  serial  number  of  each  part  tested  as 
well  as  the  number  tested.  A  description  of  the  defective  part  and  the 
serial  number  of  the  component  in  which  the  defective  part  was  implanted  is 
also  given. 


Test 

Condi tion 

torque-psi 

ranges 

N1  speed  -  % 
ranges 

speed-rpm 

ranges 

ground 

24  -  26 

92-94 

6550  -  6612 

hover 

22  -  31 

87  -  95 

6505  -  6622 

115  kt  level  flight 

30  -  39 

92  -  95 

6505  -  6574 

Table  6-5  Flight  Test  Operating  Conditions 
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»».b. 3  Data  Analysis  -  Flight  Test 

i>.b-3.1  Result  of  Using  Test  Cell  Means 

The  data  that  vas  recorded  during  the  first  few  flights  on  ship  66-1011 
was  analyzed  and  cogpared  against  the  cell  is*an  to  determine  whether  or  not 
the  test  cell  mean  could  be  used  during  the  flight  phase  for  comparison 
sunsary  purposes.  The  comparisons  of  the  good  flight  data  against  the  test 
cell  mean  are  illustrated  in  Figures  6-73,  74,  75,  and  76. 

When  compared  against  the  test  cell  means,  the  flight  test  data  indicated 
a  number  of  exceedances  at  the  mean  plus  four  standard  deviation  level.  The 
90°  gearbox  showed  the  greatest  number  of  exceedances  with  an  average  of  194. 
The  engine  and  42°  gearbox  ~..owed  an  average  of  20  and  23  respectively  and 
the  transmission  the  least  number  of  exceedances  with  an  average  of  only  9- 

These  large  number  of  exceedances  at  the  mean  plus  four  standard  deviation 
level  indicate  that '"good"  parts  installed  in  the  aircraft  experience  higher 
vibration  levels  than  the  same  parts  when  installed  in  a  test  cell.  The 
following  reasons  are  listed  to  explain  this  effect. 

1.  The  mounting  configuration  is  substantially  different  on  the  aircraft 
from  the  test  cell.  In  the  aircraft  the  parts  are  interconnected  to 
each  other  and  mounted  to  a  rather  flexible  aircraft  structure.  In 
the  aircraft  there  is  intercoupling  of  vibration  frequencies  between 
components,  the  42°  and  90°  gearboxes  interact  with  each  other  and 
the  transmission  interacts  with  the  42°  gearbox. 

2.  There  is  a  general  vibration  level  in  the  aircraft  due  to  aero-dynamic 
effects  and  various  rotating  machinery  such  as  pumps,  generators, 
inverters,  etc. 
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With  the  vibratory  level  of  "good"  components  in  the  aircraft  ao  ouch 
higher  than  the  test  cell  cosqsonents  it  vaa  apparent  that  a  new  baseline 
would  have  to  be  generated  for  the  aircraft. 


6-83 


Hamilton, 

Standard 


iL, 

PU 


HSER6080 

Volume  I 


6.5* 3*2  Generation  of  Flight  Test  Mean 

The  initial  baseline  data  gathered  for  the  flight  test  consisted  of  six 
samples  of  each  of  the  power  train  components.  The  individual  transducer  means 
generated  from  these  six  baseline  samples  did  not  exhibit  the  same  statistical 


variation  as  the  corresponding  means  generated  during  the  test  cell  phase.  A 


typical  mean  from  the  test  cell  exhibited  coefficients  of  variance  ranging  from 
505&  to  250$  whereas  the  corresponding  flight  test  mean  showed  coefficients  of 
variance  ranging  from  IO36  to  IOO36. 


* 


* 


The  low  coefficients  of  variance  for  the  flight  test  were  indicative  of 
very  little  "scatter"  about  the  mean.  This  indicated  that  the  flight  test 
mean  comprising  six  samples  was  statistically  different  than  the  samples  that 
composed  the  test  cell  mean.  For  this  reason  six  additional  baseline  runs  were 
made  following  the  verification  testing.  A  new  set  of  means  containing  the 
twelve  baseline  samples  was  then  generated  and  the  coefficients  of  variance  for  these 
means  was  found  to  be  in  the  range  of  6036  to  300$  with  the  exception  of  the 
transmission,  reference  paragraph  6. 5. 3* 3*  The  larger  coefficients  of  variance 
obtained  with  the  larger  baseline  sample  indicated  the  flight  mean  was  now 
exhibiting  statistical  variations  similar  to  the  test  cell  means. 
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6.5. 3* 3  Initial  Data  Findings 


Initial  attempts  to  analyze  and  correlate  known  bad  implants  according 
to  spectral  patterns,  using  the  statistical  techniques  outlined  at  the  4  (T* level 
produced  puzzling  results.  Not  only  did  4  ^exceedances  occur  on  those  trans¬ 
ducers  on  the  particular  defective  IRU  but  also  on  ever,y  other  transducer  in 
the  power  train  system.  It  was  initially  concluded  that  two  major  factors 
were  responsible  for  causing  this  effect. 

The  first  factor  was  the  transmissibility  of  vibration  signals  from  one 
IHU  to  another.  It  was  evident  from  the  test  cell  data  that  a  substantial 
amount  of  transmissibility  existed  between  the  two  gearboxes  in  the  test  cell. 

In  the  flight  test,  since  all  the  components  were  now  intercoupled,  it  seemed 
reasons ale  to  expect  that  increased  vibration  signals  due  to  an  implant  in  one 
LRU  also  could  be  sensed  by  transducers  on  the  other  LRU's.  Some  idea  as  to 
the  expected  degree  of  transmissibility  that  exists,  or  some  means  to  nullify 
its  effect  would  be  required. 

The  second  factor  that  could  account  for  so  many  4 ^"exceedances  on  all 
the  transducers  is  related  to  the  sample  size  of  data  used  to  generate  the 
flight  test  mean  and  standard  deviation  spectra.  Initial  comparisons  between 
known  bad  and  good  parts  were  made  using  a  mean  spectra  for  the  transmission 
in  which  only  two  different  LRU's  were  used.  In  order  to  expand  the  sample  size 
quickly,  several  runs  at  similar  operating  points  of  a  particular  IHU  were 
obtained  and  these  several  runs  averaged  together  to  form  a  mean.  Statistically 
this  procedure  is  poor.  The  standard  deviation  and  coefficient  of  variance 
spectra  for  the  above  mean  spectra  bore  this  out.  Coefficients  of  variance 
(ratio  of  the  standard  deviation  to  the  mean  value  for  a  particular  spectral 
line  or  filter)  for  these  mean  spectra  ranged  from  about  .05  to  ,  35»  Statisti¬ 
cally  this  indicated  a  very  tight  dispersion  between  the  various  narrow  band 
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6. 5. 3. 3  Continued 

spectra  used  to  establish  the  mean.  Costparing  the  coefficients  of  variance 
for  the  flight  test  mean  with  those  established  in  the  test  cell  also  indicated 
this  effect. 

There  is  an  inference  to  be  drawn  from  this  limited  sample  size.  In 
order  to  test  the  flight  implants  statistically  at  the  same  confidence  level 
as  in  the  test  cell,  the  threshold  value  of  4 must  be  increased  to  reflect 
the  limited  sample  size. 

Accordingly,  next,  the  analysis  technique  was  tried  with  the  threshold 
level  adjusted  to  indicate  exceedances  at  Integer  multiples  of  the  standard 
deviation  up  to  10.  Another  problem  arose  in  making  comparisons  between  good 
and  bad  parts  at  the  various  threshold  values  up  to  10  <r-  The  nature  of  this 

o 

problem  is  best  defined  by  using  a  specific  example.  When  a  known  bad  42 
ge&rbox  was  implanted  on  a  particular  flight,  the  statistical  comparison  tech¬ 
nique  indicated  4  ^exceedances  on  all  < f  the  monitored  vibration  transducers 
on  the  aircraft.  Increasing  the  thresho. d  value  in  steps  ofltf*up  to  10  6  did 

O 

cause  the  number  of  exceedances  on  all  transducers  except  those  on  the  42  gearbox 
to  drop  to  zero.  At  the  same  time  the  number  of  exceedances  (say  at  the 

O 

level)  on  the  42  gearbox  transducers  was  reduced  from  perhaps  25  to  two  or 
three.  For  five  known  bad  gearboxes,  these  two  or  three  exceedances  at  the 
10^I~level  were  not  in  the  same  portion  of  the  frequency  spectrum.  In  other 
words,  10  to  15  different  frequencies  at  the  10  (flevel  were  all  indicative  of 
a  gearbox  malfunction  depending  upon  the  particular  gearbox  of  the  five  involved. 
The  same  general  pattern  was  observed  for  known  bad  implants  in  the  other  power 
train  components.  Two  or  three  frequency  bands  out  of  a  possible  34l  which 
changed  po'ition  in  the  frequency  spectrum  for  malfunctions  of  a  given  type  on 

the  same  component,  was  questionable  for  use  as  a  highly  reliable  criteria  to 
flag  a  part  as  bad. 
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At  this  time,  it  was  evident  that  additional  vibration  spectra  on  good 
cssagajEi-eats  vmld  he  required  to  increase  the  sample  size  of  the  scan  spectra. 

“Ssese  additional  samples  were  not  obtained  until  after  the  verification  phase 
off  t fee  flight  test  was  concluded. 

Khea  these  additional  samples  off  known  good  components  were  obtained,  a 
am  mesa  end  standard  deviation  spectrum  were  generated.  Comparisons  were  then 
ansae  between  the  new  nee n  spectra  and  tnose  from  the  unknown  bad  implants  in 
the  verification  test  and  the  known  bad  implants.  These  new  attempts  at  correla¬ 
ting  the  b  exceedance  pattern  to  a  known  bad  implant  with  a  high  degree  of 
probability  were  not  encouraging;  the  same  basic  problem  as  described  above  existed 
cut  to  a  lesser  degree.  Sore  cases  off  known  bad  implants  could  be  readily  distin¬ 
guished  while  others  could  not  be  distinguished.  The  fact  that  multiple  faults 
were  implanted  in  the  gear  boxes  further  complicated  matters. 

The  seen  generated  for  the  transmission  transducers  posed  seme  special 
considerations  cased  on  the  statistics  of  the  analysis.  Adequate  sample  sizes 

o 

were  obtained  during  the  flight  test  for  the  engines,  the  h2  gearbox,  and  the 
© 

93  gearbox  by  changing  these  components  as  complete  LRU's.  This  was  not  done 
for  the  transmissions  because  of  the  time  required  to  replace  transmissions. 

The  mean  for  the  transmissions  was  based  on  interchanging  sufficient  known  good 
quantities  of  input  quills,  tail  rotor  quills,  and  main  mast,  bearings  in  the 
two  aircraft  transmissions  provided  for  the  flight  test.  Inspection  of  the 
mean  and  standard  deviation  sp-ctra  for  the  various  transducers  on  the  flight 
transmissions  indicated  that  the  dispersion  of  the  various  good  narrow  band 
spectra  used  in  calculating  these  means  was  still  too  tight.  That  is,  the 
coefficients  of  variance  for  the  various  bands  In  the  spectrum  were  too  low 
(.05  to  .  5  -0  in  the  majority  of  cases).  This  indicated  that  in  order  to 
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establish  u  satisfactory  mean  spectrum  for  the  various  transmission  transducers, 
vibration  spectra  on  a  series  of  complete  good  HttPs  would  be  required.  The 

t 

fact  that  the  transmission  means  were  too  tightly  dispersed  manifested  itself 
by  producing  significant  numbers  of  4  ^Exceedances  (75-200)  on  the  transmission 
transducers  even  though  there  were  no  bad  implants  within  the  transmission. 

It  was  then  decided  that  study  should  be  made  into  the  vibration  phenomenon 
and  the  problems  associated  with  transmissibility  in  order  to' better  interpret 
the  data.  These  studies  will  be  now  covered. 
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<>.'>.3.4  Ko-ox»utilnation  of  Statistics 

The  calculation  of  the  standard  deviation  is  a  straightforward  arithmetic 

•  ‘  1 

caJculation.  :  Further  this  calculation  is  independent  of  any  statistical 

*•. 

distribution.  Additionally,  it  will  be  recalled  that  an  index  of  dispersion, 

called  the  coefficient  of  variance  (C.V. )  is  simply  the  ratio  of  the  standard 

1  ’ 

deviation  to  the  mean  value  for  a  particular  filter  band  output.  Since  each 

'  ,  I 

mean  spectrum  covers  a  0-5,  kHz  spectrum  and  was  for  our  analysis  divided  into 
341  separate  filter  bands,  each  mean  spectrum  involves,  the  calculation  of  341 
means,  34l  standard  deviations,  and  34l  coefficients  of  variance.  Re-examination 
of  tne  tabulated  C.  V.  for  each  of  the  mean  spectra  for  both  the  flight  test  and 
test  cell  indicated  a  range  from  abdut  .1  to  3,  indicating  a  substantial  amount 
of  dispersion  within  certain  frequency  bands.  For  example,  a  frequency  band  with 
a  C.  V.  of  3  indicates  a  substantially  wider  range  of  amplitude  values  for  that 
same  frequency  band  in  the  various  narrow  band  vibration  spectra  used  to  generate 
the  mean  compared  to  a  filter  band  with  a  C.V.  of  .1  or  even  1.0. 

I 

Without  knowledge  of  the  true  amplitude  distribution  of  vibration  amplitudes 
at  a  particular  frequency  bar’  output  all  that  can  be  said  regarding  the  above 
observed  C.V. ’s  is  that  some  bands  in  the  mean  spectrum  have  a  wider  distribution 
of  amplitude  values  than  others. 

If  the  true  amplitude  distribution  in  the  various  filter  bands  was  known, 

then  the  standard  deviation  and  C.V.  could  be  used  to  relate  the  amount  of 

dispersion  between  the  various  filter  bands  of  the  mean  spectrum.  Since  the 

exact  nature  of  the  amplitude  distribution  at  the  341  filter  band  outputs  is 

unknown  and  cannot  be  accurately  determined  from  the  data  obtained  due  to  the 
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3mull  sample  sizes,  a  normal  or  Gaussian  distribution  of  amplitudes  was 
assumed  for  all  the  341  filter  frequency  bands.  For  example,  take  the  case 
of  the  42°  gearbox  frequency  at  1933  hertz  which  is  located  in  filter  band 
133  in  the  0-5  kHz  spectral  analysis.  If  a  number  of  known  good  gearboxes 
were  spectrally  analyzed,  the  assumption  of  a  normal  distribution  at  the 
output  of  filter  band  133  indicates  that  the  distribution  of  these  vibration 
amplitudes  associated  with  the  42°  gearmesl;  would  be  Gaussian.  The  same 
reasoning  can  be  extended  to  all  other  340  filter  bands  in  the  spectrum. 

Due  to  the  small  sample  size  involved  (approximately  10)  in  calculating 
the  mean  spectra,  the  Cumulative-t-Distribution  tables  were  used  to  compare 
the  anticipated  amplitude  distributions  with  those  actually  obtained.  The 
use  of  these  "t*  tables  rather  than  the  normal  or  Gaussian  tables  takes  the 
small  sample  sizes  into  account  in  deriving  confidence  limits  for  the  amplitude 
distribution. 

As  an  example  of  the  use  of  the  "t"  tables  as  opposed  to  the  normal  or 

Gaussian  tables  consider  the  following  example  based  on  a  sample  size  of  10. 

Ten  different  gearbox  vibration  amplitudes  from  10  different  "good1'  gearboxes 

in  the  same  frequency  band  are  averaged  and  the  standard  deviation  for  that 

filter  band  obtained.  The  Gaussian  tables  indicate  that  99f>  of  all  other 

good  gearboxes  compared  against  the  mean  generated  using  10  samples  would 

have  vibration  amplitudes  in  the  particular  frequency  band  under  consideration 

that  do  not  exceed  the  mean  value  plus  2.33  standard  deviations.  Using  the 

"t"  tables,  however,  indicates  that  for  the  same  degree  of  confidence  with  a 

sample  size  of  10,  the  upper  limit  must  be  increased  to  the  mean  value  plus 

2.82  standard  deviations.  In  a  similar  manner,  as  the  sample  size  used  to 
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f.Hlcuiuti-  a  mean  and  standard  deviation  decreases  to  two  samples,  the  "t" 

Lu!i  l  cr,  indicated  that  the  upper  limit,  for  the  same  degree  of  confidence, 
must  be  increased  to  the  mean  plus  3.18  standard  deviations.  This  example 
demonstrates  the  import  since  of  an  adequate  sample  size  for  the  calculation 
of  a  mean  and  standard  deviation  spectrum. 

There  is  a  simpler  approach  to  assess  the  dispersion  of  each  "good" 
narrow  band  spectrum  when  it  is  statistically  compared  to  its  mean  spectrum. 

That  is  to  inspect  and  determine  the  number  of  filter  bands  out  of  341  that 
exceed  the  meein  spectra  at  the  various  testing  levels  euid  relate  the  amount 
of  these  exceedances  to  the  assumed  distribution.  For  example,  for  a  sample 
size  of  ten  and  again  referring  to  the  Cumulative- t-Distribution  tables,  only 
4$  of  the  341  bands  or  approximately  13  should  exceed  the  mean  plus  2cr~  thresh¬ 
old  value.  For  convenience  the  assumed  confidence  level  for  the  above 
example  wa3  taken  at  9t$.  In  a  similar  manner,  at  the  same  confidence  level, 

v 

onjy  3  bands  out  of  34l  should  exceed  the  mean  plus  3o~  threshold  value.  Re¬ 
examination  of  the  mean  data  for  both  the  test  cell  and  flight  test  in  light 
of  the  above  discussion  showed  that  for  every  calculated  mean  spectra, 
approximately  one-half  of  the  "good"  narrow  band  spectra  fell  substantially 
outside  or  the  expected  distributions.  One  example  of  this  from  the  test  cell 
data  for  the  4?°  gearbox  will  be  discussed  in  detail.  Figures  6-77,  6-78,  6-79 
and  6-80  are  the  tabulated  and  plotted  comparison  summaries  for  the  42°  gearbox. 
Figure  6-77  lists  the  number  of  42°  gearboxes  that  were  used  to  generate  the 
mean  spectrum  at  this  operating  condition.  This  figure  also  lists  the  number 
of  exceedances  each  gearbox  shows  at  various  levels  when  it  is  individually 
compared  to  the  calculated  mean  spectrum.  If  the  number  of  frequency  band 

exceedances  over  13  at  the  2 or  level  as  outlined  previously  is  used  as  a 

statistical  dispersion  criteria,  b  of  the  11  gearboxes  are  non-Gaussian. 
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Another  indicator  of  non-Gaussian  distribution  is  the  number  of  gearboxes  that 
exceed  the  mean  value  in  more  than  170  frequency  bands.  Only  one  gearbox  Serial 
No.  B1 3-5199  exceeds  the  mean  value  in  more  than  170  frequency  bands,  whereas  5 
or  6  of  the  gearboxes  should.  Further,  gearbox  no.  B13- 5199  exceedances  at  the 
various  testing  levels  are  so  great  compared  to  the  other  gearboxes  that  it  is 
clearly  not  representative  of  an  average  good  component. 

Figure  6-78  is  a  graphic  display  of  the  same  information  tabulated  in 
Figure  6-77.  Here,  all  the  components  (ll  gearboxes)  are  displayed  simultaneously 
in  terms  of  percent  of  all  gearboxes  versus  frequency  at  the  various  testing 
levels.  Each  test  level  represents  the  comparison  of  3>75l  ( 3^1  x  ll)  individual 
data  points.  At  the  mean  comparison  level,  for  a  normal  distribution,  one 

would  expect  50#  of  the  gearboxes  to  exceed  the  mean  in  at  least  one- half  (170) 
of  the  total  frequency  bands  in  the  spectrum.  Thai  this  is  not  true  is  plainly 
evident  by  visual  inspection.  If  straight  vertical  lines  are  drawn  from  frequency 
bands  exceeding  the  3d”  level  to  the  same  frequency  bands  at  the  mean  level,  it 
can  be  seen  that  only  one  gearbox  out  of  11  exceeds  the  mean  value  of  that  fre¬ 
quency  band.  This,  again,  is  strongly  suggesting  that  one  gearbox,  with  a  high 
level  vibration  signal  in  one  band  distorts  the  mean  value  of  that  band  to  suen 
an  extent  that  the  other  10  good  gearboxes  do  not  exceed  the  mean  value  of  that 
band. 

Figux-e  6-79  is  a  tabulation  similar  to  that  of  Figure  6-77  except  that  the 

geax boxes  tabulated  in  Figure  6-79  have  known  defective  implants  (gears  in  this 

case).  The  tabulation  lists'  only  the  frequency  bands  that  exceed  4<r,  the 

initial  threshold  level  established  as  a  demarcation  point  between  known  good 

parts  and  known  defective  parts.  Figure  6-80  is  simiiar  to  Figure  6-78  in  that 

the  known  bad  gearbox  spectral  band  exceedances  wnen  compared  to  their  corres- 
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ponding  moan  spectral  bands  are  simultaneously  displayed  in  terms  of  per 
cent  of  all  bad  gearboxes  (6  in  this  case)  versus  frequency  at  the  test  levels 
indicated. 

The  4  G”"bands  in  the  tabulation  of  Figure  6- 7S>  for  each  known  bad  implant 
in  an  individual  gearbox  can  now  be  correlated  against  the  known  frequency 
geometry  of  the  42°  gearbox.  At  the  indicated  item  speed  the  fundamental 
geamesh  frequency  should  occur  at  l8'(8  hertz  with  a  sideband  structure  above 
and  be  Low  this  frequency  with  each  sideband  separated  by  approximately  by  hertz 
(the  shaft  rotation  speed  in  EPS). 

The  "good"  gearboxes  whose  frequency  spectra  are  not  representative  of  a 

normal  distribution  cause  distortion  of  the  mean  spectra.  This  results  in 

significant  energy  changes  in  certain  bands  associated  with  a  malfunction  to  be 

overlooked  in  the  statistical  comparisons  at  the  h(T~ level.  The  significance  of 

the  frequency  bands  that  show  signal  levels  in  excess  of  whal  is  statistically 

expected  is  that  they  are  related  to  some  abnormality  in  the  particular  component. 

As  an  example,  consider  a  known  good  42°  gearbox.  This  gearbox  is  determined 

good  by  inspection  of  the  individual  components  gears,  bearings,  shafts,  and 

gearcase  by  various  techniques,  i.e.  visual  inspection,  dimensional  checks,  magna- 

fluxing  and  Zyglo.  However,  once  all  the  individual  parts  are  assembled  into  a 

complete  gearbox  it  is  reasonable  to  expect  that  some  gearboxes  due  to  a  stack-up 

oi  tolerances,  shaft  or  bearing  race  eccentricities,  or  pinion  eccentricities  woulc^ 

run  rougher  than  others  and,  consequently,  emit  vibration  signals  of  increased  amplitude. 

For  the  case  of  a  gear,  certain  frequency  bands  associated  with  the  gear  clash  rate,  the 

aide  band  structure,  and  shaft  rotation  would  have  an  increased  output  amplitudes.  If  ten 

42”  gearbox  spectra  are  to  be  averaged  and  even  one  or  two  of  these  boxes  emits 

increased  vibration  sidebands  in  a  portion  of  the  frequency  spectrum  where  the 
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other  gearboxes  have  no  sideband  energy  the  net  effect  is  a  distortion  of  the 
statistics.  The  amount  of  distortion  is  directly  related  to  the  amplitude  of 
the  vibrations  and  the  number  of  frequency  components 

The  first  effect  of  including  an  abnormal  component  in  the  calculation  of 
an  average  and  standard  deviation  spectra  is  an  increase  in  both  these  quan¬ 
tities  which  is  not  representative  of  the  average  distribution.  There  is  also 
an  increase  in  the  coefficient  of  variance  (C.V.  -  defined  earlier  as  the  ratio 
of  the  standard  deviation  to  the  mean  value  for  a  particular  frequency  band  in 
the  mean  spectrum  in  terms  of  PSD  quantities).  The  C.V.  is  also  tabulated  for 
each  frequency  band  of  the  mean  spectrum.  This  quantity  ranges  from  approximately 
.2  to  2.5  within  each  mean  spectrum.  Invariably  the  data  snows  the  C.V.  tends  to 
be  highest  in  those  frequency  bands  that  are  associated  with  a  malfunction  of  a 
particular  part  i.e.,  side  band  and  gearclash  fr  quencies  and  shaft  unbalance 
frequencies  for  a  gear.  To  quantitatively  relate  the  effect  of  this  distortion 
on  the  threshold  level  a  relationship  is  required  that  allows  the  absolute 
level  of  the  4CT"threshold  to  be  calculated  preferably  in  units  of  the  transducer. 
Tnis  relationship  is: 


wnere  T.L.  =  Threshold  value  at  any  given  standard  deviation 

M  =  Mean  value  of  a  filter  band  output  in  transducer  units 
N  =  Standard  deviations  (l,  2,  3>  4  etc.) 

C.V.  =  Coefficient  of  variance 


Below  is  a  table  derived  using  the  above  relation  for  various  C.V. 's  and 


standard  deviation  levels 


N 

Std  Deviation  Level 
1+ 

3 

2 

1 


TL(CV=2.5) 
3*31  X  M 
2.91  X  M 
2.1+5  X  M 
1.87  X  M 


TL{CV=>2.0)  TL(CV=1) 
3  X  M  2.21+  x  M 

2.65  X  M  2  X  M 

2,21+  x  M  1.73  X  M 

1.73  X  M  1.1+1  X  M 

6-91+ 


TL(CV=.5) 
1.73  X  M 
1.58  X  M 
1.1*1  X  M 
1.22  X  M 


TL ( CV= , 2 ) 
1.3l*  X  M 
1.26  X  M 
1.18  X  M 
1.09  X  M 
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Tills  table  vividly  demonstrates  in  a  quantitative  manner  the  effects  of 
statistical  distortion  on  the  computed  mean  spectra.  For  example,  the  *4-  sipna 
threshold  value  in  terms  of  transducer  units  could  range  from  1.35  mean  ! 

to  3.  3  mean  value  for  a  partici  iar  frequency  band  depending  on  the  C.V.  in 
that  band.  The  above  indicates  that  if  a  mean  spectra  filter  band  is  distorted 
statistically  so  that  the  C.V.  in  that  band  is  2.5  vhen  a  0.2  value  13  more 
representative  of  the  vibration  amplitude  of  the  average  copulation  for  that 

band,  the  40P threshold  value  in  absolute  terms  in  raised  significantly.  The 
statistical  distortion  would  also  raise  the  mean  value  for  a  filter  band  with 

a  C.V.  of  2.5  relative  to  that  same  band  with  a  C.V.  of  u.2  approximately  by  a  factor  of 

two.  In  thio  case  the  vibration  amplitude  associated  with  an  abnormality 
Instead  of  indicating  a  4<T exceedance  at  1. 35  mean  value  for  that  filter  Ijand  t 
would  have  to  rise  to  an  amplitude  level  of  2  x  3*3  mean  value  or  5  times' 
that  level  statistically  expected  to  be  required  to  flag  a  part  as  abnormal. 

The  above  example  is  admittedly  a  worst  case  analysis  but  it  is  used  to  demonstrate 
the  nature  of  the  problem.  The  same  effect  exists  in  other  filter  bands  to  lesser 
degrees  and  is  dependent  on  the  amount  of  statistical  distortion  in  these  bands. 

The  distortion  discussed  above  has  two  major  effects  on  the  data.  First,  it 

raises  the  threshold  level  in  absolute  transducer  units  sufficiently  in  the 

very  frequency  bands  that  are  the  best  indicators  of  a  malfunction  of  a  part. 

Consequently,  even  though  vibration  amplitude  levels  do  rise  significantly  in 

these  bands,  they  do  not  rise  sufficiently  to  exceed  the  4 (T” threshold  level  that 

was  established.  Secondly,  since  most  of  these  significant  frequency  bands  that 

are  associated  with  an  abnormality  within  a  given  component  are  not  indicated  in 

the  comparison  summary,  correlation  of  a  known  bad  part  with  its  frequency  spectrum 

or  signature  is  made  much  more  difficult. 
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Test  cell  data  obtained  from  the  42 °  gearbox  was  selected  to  be  used  for 
initial  high  resolution  spectral  analysis  for  the  following  reasons: 

1.  The  42°  gearbox  is  a  simple  system  to  analyze  in  that  only  one 
gearmesh  is  present.  Any  significant  results  obtained  from  this 
gearbox  analysis  could  be  extended  to  a  more  complex  system  such 
as  the  transmission  which  has  several  gearmeshes. 

2.  Test  cell  data  was  chosen  because  the  engines  and  transmissions 
were  run  in  separate  cells  during  this  testing  and  transmissibility 
between  these  components  and  the  gearboxes  was  not  a  factor. 

However  since  both  42°  gearboxes  and  90°  gearboxes  were  simul¬ 
taneously  tested  in  the  test  cell  rig  seme  idea  of  the  amount  of 
transmissibility  between  these  two  components  could  be  obtained. 

Figures  6-50  and  6-51  are  two  highly  resolved  K3D  plotB  of  the  42°  gear¬ 
box  data.  Figure  6-50  is  a  2.5  hertz  analysis  and  Figure  6-51  is  a  1.25  hz 
analysis.  The  transducer  from  which  the  vibration  spectra  were  obtained  was 
#59,  a  velocity  pickup.  The  90°  gearbox  had  a  bad  gear  implant  and  the  42c 
gearbox  a  bad  output  ballbearing  implant  when  this  data  was  obtained.  Inspection 
of  these  two  PSD  spectral  plots  shows  the  following  major  spectral  responses; 

1.  The  basic  42°  gearmesh  frequency  at  1832  hertz  with  a  side¬ 
band  structure  separated  by  the  input  shaft  speed  of  68  Hertz. 

2.  The  second  harmonic  of  the  42°  gearmesh  frequency  at  3664 
hertz  with  a  sideband  structure  separated  by  the  input  shaft 
speed  of  68  Hertz. 
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6. 5. 3. 5  Continued 

3.  The  90°  gearmesh  frequency  at  1017  with  a  sideband 
structure  separated  by  68  hz  and  2 6  hertz. 

4.  The  second  harmonic  of  the  90°  gearmesh  frequency  at 
2034  Hertz  separated  by  68  hz  and  26  hertz. 

5.  Shaft  speed  components  at  68  hz  and  26  hertz  and  harmonic 
multiples  of  the  shaft  speed. 

Since  the  42°  gearbox  has  no  speed  change  between  input  and  output 
shafting  the  sidebands  assoc;  ated  with  this  gearbox  are  separated  by  68  hertz. 
The  90°  gearbox  has  a  speed  change,  the  input  shaft  rotating  at  68  rps  in  this 
case  and  the  output  shaft  at  26  hertz,  ibis  speed  change  between  input  and 
output  on  the  90°  gearbpx  accounts  for  the  double  side  and  structure  of  the 
90°  gearmesh.  One  structure  (68  hz)  is  associated  with  the  input  shafting, 
bearing,  and  drive  gear,  the  other  sideband  structure  (26  hz)  is  associated 
with  the  output  shafting,  bearing,  and  driven  gear. 

Also  evident  from  Figure  6-51  is  the  second  harmonic  of  the  gearmesh  and 
sidebands  frequencies  from  the  90°  gearbox  mingled  in  with  the  basic  gearclash 
frequency  and  sidebands  of  the  42°  gearbox. 

The  gearmesh  frequencies  for  the  gearboxes  are  calculated  by  multiplying 
the  shaft  speed  in  rps  by  the  number  of  gear  teeth.  The  sidebands  are  separ¬ 
ated  from  the  gearmesh  frequency  by  the  shaft  speed  and  multiples  of  the  shaft 
speed.  Since  the  gears  have  an  integer  number  of  teeth,  sidebands  of  gearmesh 
frequencies  for  gearboxes  coupled  by  shafts  rotating  at  the  same  speed  will  fall 
in  the  same  frequency  bands  if  the  sideband  structure  is  extended  far  enough. 

.  O  A 

For  example,  since  the  output  of  the  42  gearbox  and  the  input  of  the  90 
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gearbox  are  coupled  by  the  same  shaft,  upper  sidebands  of  the  90  basic  gear- 
mesh  and  lower  sidebands  of  the  42°  gearmesh  will  occur  at  the  same  frequencies. 
Figure  6-42  shows  this  effect  and  it  may  also  he  observed  on  the  two  spectral 
plots  of  Figures  6-50  and  6-51. 

This  factor  is  a  source  of  interference  which  depends  upon  the  absolute 
magnitude  of  a  90°  gearbox  sideband  component,  the  transmissibility  between 
the  90°  gearbox  and  42°  gearbox  at  that  frequency,  and  the  relative  magnitude 
of  a  42°  gearbox  sideband  compared  to  the  transmitted  magnitude  of  the  inter¬ 
fering  90°  sideband  component. 

For  example.  Figure  6-42  shows  that  the  sixth  lower  sideband  of  the  42° 
basic  gearmesh  and  the  sixth  upper  sideband  of  the  90°  gearmesh  occur  at  the 
same  frequency.  For  the  example  cited  this  frequency  is  1424  hertz.  This 
interference  will  occur  even  though'  the  input  shaft  speed  changes.  Changes  in 
shaft  speed  would  only  change  the  frequency  at  which  the  sixth  sidebands  occur. 
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Assume  the  true  value  of  the  sixth  lower  sideband  of  the  42°  gearbox 
to  be  0.5  g  rms.  If  at  the  same  time  the  true  value  of  the  sixth  upper 
sideband  of  the  90°  gearbox  va6  10  g  tm, .and  the  transmissibility  between 
the  gearboxes  was  0.1  at  this  frequency,  1  g  rmB  (10  x  0.1)  of  the  90° 
gearbox  response  would  be  sensed  by  the  42°  gearbox  transducer.  The  net 
effect  in  the  spectral  analysis  of  the  42°  gearbox  vibration  lata  would  be  to 
increase  the  apparent  response  in  the  1424  Hz  band  from  0.5  g  rms  to 
\/(0.5)2  +  (l)2  =  1.12  g  rms.  Thus  the  effect  of  transmissibility  is  to  more  than 
double  the  spectral  energy  for  this  example.  A  fairly  accurate  assessment  of 
the  amount  of  transmissibility  between  the  gearboxes  was  obtained  using 
the  following  technique:  The  mean  spectra  for  the  42°  gearbox  and  the 
90°  gearbox  are  first  compared.  The  highest  response  for  the  90°  gearbox 
occurs  at  its  gearmesh  frequency.  Comparing  the  magnitude  of  the  response 
at  this  frequency  band  on  the  90°  mean  spectra  with  the  same  frequency 
band  on  the  42°  gearbox  mean  spectra  yieldB  significant  information 
regarding  the  amount  of  transmissibility  at  that  frequency.  In  a  similar 
manner  the  highest  responses  on  the  42°  gearbox  mean  spectrum  were  compar¬ 
ed  with  the  90°  gearbox  mean  spectrum.  Preliminary  information  indicat¬ 
ed  the  tx-ansmissibility  between  the  gearboxes  in  the  test  cell  ranged 
from  about  .1  to  .2  .  Admittedly  this  information  was  obtained  at  a  few 

selected  frequency  points  in  the  spectrum  and  does  not  account  for  any 
potential  structural  resoaances  that  might  magnify  the  transmissibility 
at  some  frequencies.  The  above  technique  was  also  extended  to  the  flight 
test  data  with  similar  results. 

The  net  conclusion  is  therefore  that  transmissibility  is  predominant, 
and  its  value  ranges  from  .1  to  .2  .  The  effect  of  this  transmitted 
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energy  is  variable  depending  upon  the  relative  signal  strengths  of  the 
interacting  components.  Its  effects  must  he  considered,  however,  in  any 
analysis  slanted  toward  fault  isolation  to  the  LRU. 

6. 5. 3.6  MODES  OF  MODULATION 

Further  inspection  of  Figure  6-51  indicates  that  the  sideband 
structure  around  the  various  gearmesh  frequencies  extends  quite  far  in 
the  frequency  spectrum  (  +  10  sidebands).  Additionally,  the  amplitudes 
of  the  sidebands  do  not  drop  off  rapidly  as  the  frequency  separation  of 
a  sideband  from  the  gearmesh  frequency  increases. 

Various  researchers  have  described  the  sideband  generation  process  for 
gears  and  bearings  as  related  to  amplitude  modulation.  For  the  case  of  gear 
sideband  generation  the  physical  process  creating  the  amplitude  modulation 
within  the  gearbox  has  been  related  to  shaft,  bearing  race,  and  gear 
eccentricities.  It  has  previously  been  assumed  that  these  eccentricities  add 
and  create  a  net  shaft  unbalance  at  the  shaft  rps  and  harmonic  multiples. 

This  shaft  unbalance  men  can  cause  the  driving  gearteeth  to  be  driven 
into  and  away  from  the  driven  gearteeth  resulting  in  a  load  fluctuation. 

This  load  fluctuation  can  then  cause  amplitude  modulation  ofthe  basic 
gearmesh  frequency  which  forms  a  sideband  structure.  However,  shaft 
unbalance  in  the  majority  of  cases  manifests  itself  in  vibration 
components  wnich  are  predominant  at  the  shaft  speed.  The  amplitude  of 
the  higher  order  components  diminishes  rapidly  with  frequency.  Due  to 
the  nature  of  the  amplitude  modulation  process  the  sideband  structure 
should  show  this  same  trend.  Figure  6-51  indicates  that  this  is  not  the 
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•<TJor,  Eft!  fi&rtL  Jest  the  cggcsite  effect  is  indicated.  Signific3nt.lv, 
feiBtfftftc  aanisr  rsdefe&nis  have  amplitudes  greater  than  those  o?  lever  order. 
This  treat  aaf  ether  iaiccissistencies  is  relating  the  observed  spectral 
(ffstribtstioa  fireas  the  test  data  to  a  gredemi  neatly  amplitude  modulation 
p^-ecrsnenrcEa  led  to  the  cccciusices  that  the  gredemdnant  modulation  process 
iajraiied  trs  {generating  the  gearmesh  sidebands  was  due  to  phase  or  frequency 
ronfedaitiiDn!. 

TTo  establish  the  existence  of  534  modulation  in  the  data,  the  foiicv- 
Eor  ezgerlrect  was  gerfersnsa.  A  iage  loop  of  a  sazstle  of  the  vibration 
data  from  the  5=2°  gearbox  was  rede.  Ire  signal  free  this  tape  loop  was 
p.iayei  hack  into  an  53*  disgrlaEisstor  or  dsnedu lator.  The  demodulator 
iErxit  filter  was  centered  at  aggrozf’nateiy  3800  hertz  which  is  the  fre¬ 
quency  of  the  2nd  harmonic  gearaesr  cf  the  i}2°  gearbox.  This  filter  allows 
ccij  that  portion  of  the  total  frequency  spectrum  associated  vith  sidebands 
of  the  2nd  harmonic  gearmesh  to  be  processed  by  the  desoiuiator .  The  2nd 
ffisrnaaaic  gearmesh  and  sidebands  were  chosen  because  the  2nd  harmonic 
gearmesh  vl brat ices  were  twice  the  amplitude  of  the  first  harmonic.  In 
addition,  the  frequency  spectrum  around  the  2r*d  harmonic  geanaesh  was 
relatively  01  ax*  interfering  frequencies.  The  results  of  this 
experiment  were  that  the  shaft  frequency  and  its  harmonic  multiples 
emerged  at  the  output  of  the  FM  demodulator.  This  experiment  confirmed 
tisa*  the  tr*c  gesreoz  gearmesh  frequency  was  reing  phase  modulated  at  the 
s-s&ft  rps  and  its  harmonic  niiltipies. 

Prior  to  proceeding,  a  brief  discussion  and  explanation  of  the 
*  ■--  module  t i or.  methods  AM  and  PM  will  be  presentee. 

A  general  alternating  wave  may  be  presented  by  the  equation 

f{'  1  -  k  ' ;&  (vt  4  p)  v  =  2fTf  *  t  =  Tice 
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In  amplitude  modulation  A  is  varied  in  accordance  with  t  he  time 
variation  of  the  modulating  signal*  In  angle  modulation  the  phase  term 
0  is  varied  in  accordance  with  the  time  variation  of  the  modulating 
signal. 

Amplitude  Modulation 

The  general  expression  for  amplitude  modulation  of  a  carrier  with 
a  single  sinusoidal  frequency  is 

(2)  f(t)  =  K  (l  +  m  cos  vjn.t)  cos  wct  where  K  is  a  system  constant 

vn  is  the  modulating  fre¬ 
quency 

wc  is  the  modulated  fre¬ 
quency  or  carrier 
m  =  modulation  factor  and 
denotes  the  fractional 
extent  hy  which  the 
modulation  varies  the 
carrier  amplitude 

Figure  6-8l  shows  a  typical  modulating  signal  and  the  carrier 
envelope  variation  corresponding  to  this  modulation  described  hy  the 
above  equation.  Equation  2  can  be  expanded  using  trigonometric  identities 
to  the  following: 

f(t)  =  K  ccs  wct  +  -  cos  (wc  +  wm)  t  +  7;  cos  (wc  -  Wm)  t 
The  sinusoidally  modulated  carrier  is  diown  to  consist  of  the  sum 
of  three  sinusoidal  components  of  different  frequencies,  the  original 
carrier  plus  an  upper  and  lower  sideband.  This  is  also  shown  in  Figure 
6-8l.  The  amplitude  of  each  sideband  frequency  for  a  sinusoidally  modulat¬ 
ed  wave  is  m/2,  which  has  a  maximum  value  of  l/2  for  100$  modulation. 
Additional  characteristics  of  the  AM  process  are: 
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] )  The  number  of  sideband  components  for  a  single  modulating  signal  as 

shown  does  not  change  if  the  amount  of  modulation  (m)  is  increased.  For 

I 

.the  case  shown,  if  the  modulation  was  doubled,  the  amplitude  of 
upper  and  lower  sidebands  about  the  carrier  vc  would  also  double  but 
the  carrier  amplitude  would  remain  constant  and  no  additional 
frequencies  would  be  generated.' 

2)  The  amplitude  of  each  sideband  frequency  .for  a  sinusoidally 

!  1 

modulated  wave  is  m/2  which  has  a  maximum  value  of  l/2  for  100$ 

modulation.  Relative  amounts  of  power  in  the  sidebands  ere: 

^carrier  =  -*•  0 

md 

*  lower  sideband  =  TJ“ 

_  m.2  , 

•Fupper  sideband  = 

OR  m2 

ptotal  sidebands  =  x  ^carrier 

J 

With  10G$  modulation  the  total  power  in  the  sidebands  for  sinusoidal 
modulation  is  0ne  half  of  the  carrier  power.  However  for  10$  modulation 


it  is  only  .005  x  the  carrier  power  (■ 


.1  x  .1\ 


3)  Increased  energy  in  the  sidebands  is  not  obtained  from  the  carrier, 
the  carrier  power  remains  constant  regardless  of  the  amount  of 
modulation. 

Frequency  Modulation 

Figure  6-82  illustrates  a  carrier  frequency  modulated  by  a  repetitive 
sawtooth  wave  of  period  T.  As  the  modulating  wave  increases  in 
magnitude  the  carrier  oscillates  more  rapidly  or  the  frequency  deviation 
increases.  That  is  the  frequency  deviation  of  the  carrier  is  proportional 
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to  the  amplitude  of  the  modulating  wave*  The  rate  at  which  the  carrier 
1’rs  "juency  changes  is  the  rate  of  the  modulating  wave. 

The  general  expression  fcr  a  frequency  modulated  carrier  is 

(3)  f(t)  =  cos  (vet  +  ?  sin  wmt) 

where  wc  is  the  unmodulated  carrier 

vm  is  the  rate  of  modulation  of  the  carrier 
Q  is  the  modulation  index  and  represents  the  maximum  phase 
shift  of  the  carrier  during  a  carrier  cycle. 

^  is  further  defined  as 

_&f_  =  ASL 

fffi  ~  win 

and  is  defined  as  the  ratio  of  the  instantaneous  frequency  deviation- 
of  the  carrier  to  the  modulating  frequency. 


Equation  3  may  he  manipulated  and  expanded  to  the  following  form 
(the  details  of  this  expansion  may  he  obtained  from  any  text  dealing 
with  modulation  theory). 

(4)  f(t)  =  Jo($)  cos  vct  -  J1  ((•?)  cos  (wc  -  vm)t  -  cos  (wc  +  Win)t 

+  J2  (?)  cos(wc-2wm)t  +  cos  (wc+2wm)t 

-  (?)  cos(wc-3wm)t  -  cos  (wc  +3wm)t 


where  Jn  ( )  denotes  a  Bessel  function  of  the  first  kind  which  occurs 
in  many  physical  problems.  Tables  are  available  to  evaluate  the  magni¬ 
tude  of  a  oarticular  Jn  (0  )• 
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Equation  4  indicates  a  time  function  consisting  of  a  carrier  Jo 
(  ^  )  cos  wet  and  an  infinite  number  of  sidebands  spaced  at  frequencies 
+fta,  +2ftn,  etc.  from  the  carrier.  Note  that  this  is  in  contrast  to  the 
AM  case  discussed  previously  where  only  the  carrier  and  a  single  set  of 
sidebands  existed.  (Again  this  assumes  sinusoidal  modulation  for  both 
the  AM  and  FM  cases.) 

For  the  FM  case  the  magnitudes  of  the  carrier  and  sideband  terms 
depend  on  ^  ,  the  modulation  index.  This  dependence  is  expressed  by  the 
appropriate  Bessel  function.  This  also  contrasts  with  the  AM  case,  where 
the  carrier  magnitude  is  fixed  and  not  affected  by  the  modulation  and 
the  amplitude  of  the  two  AM  sidebands  varies  only  with  the  modulation 
factor  m.  Or,  in  other  words,  the  value  of  the  carrier  term  in  the  FM 
case  Jo  (  )  is  always  reduced  when  modulation  occurs  because  Jo  ( (3  ) 

is  less  than  one  for  all  values  of  other  than  zero. 

Another  important  characteristic  of  the  FM  process  is  that  the 
average  power  in  the  modulated  wave  is  not  changed  by  the  modulation. 

The  power  in  the  sidebands  is  obtained  by  a  reduction  in  the  carrier 
power.  Mathematically  this  is  expressed 

J°2  {  fi>)  +  2  S’"  Jn2  (  fl)  -  1 

n  =  1  v 

for  all  values  of  Q  . 
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6.5. 3.6  Continued 

The  entire  science  of  gear  design  emphasizes  the  importance  of 
achieving  linear  angular  velocity  in  order  to  optimize  the  transmission 
of  torque  or  power.  Any  one  of  a  great  number  of  factors  that  can  cause 
dynamic  variations  in  angular  velocity  will  effectively  cause  phase  or 
frequency  modulation  of  the  basic  gearmesh  vibration  frequency. 

The  only  factor  contributing  to  variations  in  angular  velocity  of 
a  gear  that  can  be  determined  statically  is  the  effect  of  tooth  profile 
variations.  Tooth  profile  position  variation  or  "position  variation"  is 
defined  as  the  deviation  of  a  gear's  tooth  profile  from  true  position. 
Dynamic  or  operating  variation  of  the  angle  (©)  shown  in  Figure  6-83  will 
contribute  to  position  variation  inaccuracies.  The  degree  of  position 
variation  is  determined  by  the  addition  of  all  the  factors  affecting  the 
tooth  profile  positions;  some  of  which  are: 

1.  Rotating  variations 

a.  Radial  runout 

b .  Lateral  runout 

2.  Tooth-tO-tooth  variations 

a.  Profile  deviation  from  true  involute 

b.  Profile  spacing 

c.  Tooth  thickness  variations 

Typical  geometric  gear  variations  are  shown  in  Figure  6-83.  It  is 
important  to  appreciate  that  once  a  gear  has  been  fabricated,  it  contains 
position  variations  due  to  manufacturing  tolerances  which  are  an  inherent 
property  of  that  particular  gear.  The  effect  of  these  variations  on  a 
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vibration  signature  does  not  become  apparent  until  after  the  gear  is 
mated  with  another  gear.  Also,  when  a  gear  is  assembled  into  a  complete 
system,  additional  position  variations  are  encountered  due  to  the 
tolerances  of  the  installation.  These  ■variations  are  generally  due  to 
runout  of  the  shaft  and/or  the  bearing  races. 

When  a  gear  system  is  transmitting  power  the  dynamic  loads  on  the 
gearteeth  also  cause  position  variation  errors.  Some  of  the  dynamic 
factors  are: 

1.  Elasticity  of  the  gear  material  and  the  gear  mounting. 

2.  Torsional  deflection  and  beam  bending  of  the  gear  shafting. 

3.  Gear  tooth  loading  and  resultand  deflections. 

4.  Dynamic  balance  of  the  rotating  components. 

5.  Temperature  differentials  within  the  gearbox. 

6.  The  mass  of  the  gear  and  shafting  system. 

All  of  the  above  factors  then  contribute  to  dynamic  geartooth  profile 
position  errors  and  effectively  phase  of  frequency  modulate  the  gearmesh 
frequency  or  carrier. 

The  physical  process  which  generates  frequency  modulation  is  demonstrated 
by  the  example  in  Figure  5-84.  In  this  example,  it  is  assumed  that  a 
gearbox  similar  to  the  42°  gearbox  with  20  teeth  per  gear  is  under  consid¬ 
eration.  There  is  no  speed  change  between  input  and  output  shafts  and 
the  shaft  speed  is  100  rps.  The  top  half  of  Figure  6-84  shows  the 
theoretically  perfect  case  of  no  geat  tooth  profile  position  errors. 
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A  vibration  transducer  monitoring  this  gearbox  would  sense  only  the 
vibrations  caused  by  the  meshing  teeth  transmitting  power  which  occurs 
at  2,000  Hz  (20  teeth  x  100  rps) .  Only  the  basic  gearmesh  frequency  is 
assumed  to  be  of  significance  in  this  example.  The  figure  shows  one 
complete  revolution  of  the  shaft  or  gear.  Accordingly  the  unmodulated 
wave  at  the  top  of  Figure  6-84  shows  20  sinusoidal  cycles  or  20  pairs  of 
geartooth  mesh.  Since  the  shaft  rotates  at  100  rps,  the  time  for  one 
complete  shaft  rotation  is  .01  seconds  as  illustrated.  The  time  between 
successive  positive  peaks  on  the  unmodulated  sinusoidal  gearmesh  frequency 
is  .5  x  10~3  seconds  (l^:)  and  is  constant  from  cycle  to  cycle.  Since 
one  shaft  rotation  is  equivalent  to  360  mechanical  degrees  of  the  gear  and 
there  are  20  teeth  on  the  gear,  the  mechanical  angle  between  successive 
tooth  profiles  is  18°  (360/20).  In  terms  of  the  electrical  output  waveform 
of  the  transducer  which  senses  gearmesh  vibration,  one  electrical  cycle 
(36O0  electrical)  is  generated  for  each  fractional  turn  of  the  shaft  equal 
to  the  mechanical  degrees  between  gear  teeth.  One  mechanical  degree  is 
equal  to  20  electrical  degrees  (l/l8  x  360) . 

The  two  bottom  illustrations  in  Figure  6-84  show  the  case  fcr  a  tooth 
profile  position  mechanical  error  of  l/6  degree  peak  mechanical.  This 
error  could  arise  from  one  of  the  many  factors  discussed  above  and  is 
assumed  to  vary  sinusoidally  as  the  gear  completes  one  revolution.  The  net 
effect  of  the  position  error  is  to  change  or  modulate  the  instantaneous  fre¬ 
quency  of  the  2000  Hz  gearmesh  frequency.  This  is  also  shows  in  Figure  6-82 


6-108 


Hamilton 

Standard 


»iu*rt 

P» 


orv«ON  O*  UMttO  a*C*a#T  COWOMTO 


HSER  6080 
Volume  I 


b.  ‘7. 3. 6  Continued 


The  peak  mechanical  position  error  of  l/6  degree  would  cause  a  peak  phase 

shift  of  a  carrier  cycle  of  3.3  electrical  degrees  (  iZ§  =  A.;  x  =  3.3° 

X  20 

ELECTRICAL).  Assuming  an  approximate  3.6°  error  rather  than  3.3°  for 
convenience,  it  can  be  seen  that  the  net  effect  of  the  position  error  is 
to  cause  a  peak  frequency  deviation  of  the  carrir  of  3.6/360  x  2,000  or  20 
cycles.  This  frequency  deviation  is  equivalent  to  the  A f  term  in  the 
expression  of  the  FM  modulation  indes  6  =  .  Since  the  shaft  speed  is 

100  rps,  and  the  position  error  is  assumed  sinusoidal  over  one  gear 
revolution,  the  effective  modulating  frequency  fln  is  100  rps.  This  gives 
a  value  of  0.2.  If  the  position  error  variation  over  one  gear  revolution 
is  non-sinusoidal,  the  effective  modulating  frequencies  will  occur  at 
100  hertz  and  multiples  of  100  hertz  since  the  variation  pattern  is  repeated 
at  a  100  Hz  rate.  The  exact  distribution  of  the  harmonics  would  depend  on 
the  particular  position  variation  pattern  within  the  gear  system  and  the 
modulation  index  ^  .  For  ^  =  .2,  the  only  Bessel  coefficients  of 
significant  amplitude  are  Jq  (.2)  and  J-j  (.2).  Substituting  the  values 
of  these  coefficients  into  the  expression  for  the  FM  wave  gives: 

f  (t)  =  .99  cos  wct  +  0.1  cos  (wc  -  wm)  t  +  0.1  cos  (wc  +  wm)  t 


J0  (.2)  =  .99 

Jq  (-2)  =  .1 


fc  =  2000  Hz 


f c  +  fm  =  2100  Hz 


fc  “  fm  “  1900  Hz 
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This  is  very  similar  to  the  expression  for  the  case  of  amplitude  modulation, 
i.e.,  a  carrier  term  of  approximately  unchanged  amplitude  and  two  side¬ 
bands  of  equal  amplitude  spaced  from  the  carrier  frequency  by  the  modulating 
frequency.  In  fact,  if  a  spectrum  analysis  of  this  FM  wave  were  obtained, 
it  would  be  impossible  to  distinguish  the  resultant  frequency  structure 
from  that  obtained  with  amplitude  modulation.  However,  as  the  FM  modulation 
index  increases,  or  higher  harmonics  of  the  basic  gearmesh  frequency  are 
considered,  some  interesting  effects  manifest  themselves. 

Figures  6-85,  86,  and  87  show  graphically  the  effect  on  the  FM 
sideband  structure  associated  with  the  carrier  or  gearmesh  frequency  as 
the  modulation  index  ^  is  increased.  These  figures  also  illustrate  the 

I 

second  harmonic  component  of  the  basic  gearmesh  frequency  scaled  to  give 
an  amplitude  of  twice  that  of  the  basic  gearmesh  frequency.  The  reason 
for  selecting  two  harmonic  components  at  this  relative  magnitude  is  that 
this  pattern  has  been  consistently  observed  for  the  k2°  gearbox  spectral 
analyses  (l«e.,  the  second  harmonic  component  is  twice  the  value  of  the 
first) . 

Figure  6-85  shows  the  case  for  ^3=0;  i.e.,  no  phase  modulation.  At 
the  top  of  Figure  6-85  is  drawn  a  gear  tooth  pattern  indicating  perfect 
meshing  conditions;  i.e.  uooth  profile  position  errors  do  not  exist. 

Below  the  gear  tooth  pattern  is  shown  the  resultant  wave  which  includes 
the  first  and  second  harmonics  of  the  gearmesh  frequency.  Below  the 
resultant  wave  the  individual  gearmesh  frequencies  (first  and  second 
harmonic)  are  shown  with  no  frequency  modulation.  And  finally  at  the 

bottom  of  Figure  6-85  is  shown  the  spectrum  of  the  vibration  signal  for 
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the  case  of  no  modulation.  Oly  two  frequencies  at  relative  amplitudes 
of  one  and  two  units  are  present  in  the  spectru. 

Figure  6-86  shows  the  case  when  some  FM  exists  due  to  a  sinusoidal 
phase  modulation  or  profile  position  error.  Here  it  is  assumed  that 
=0.5  for  the  first  harmonic.  If,  as  in  the  previous  example,  the 
gearmesh  frequency  is  assumed  to  be  2000  hertz  and  the  gearshaft  rps  is 
100,  A  fc  of  the  gearmesh  if  50  hertz  (A  fc  =  ^>xfffi).  Also  for  |S  =  0.5 
the  significant  Bessel  coefficients  are  n£>w: 

J0  (-5)  =  ‘9b 
J±  (.5)  =  .2b 
J2  (-5)  =  .03 

Referring  to  the  equation  describing  the  FM  wave  and  inserting  the  above 
Bessel  coefficients,  it  can  be  seen  that  the  sideband  structure  has 
expanded.  The  spectrum  of  the  FM  wave  now  contains  the  original  carrier 
or  gearmesh  frequency  at  a  reduced  amplitude  of  .95  and  two  pairs  of 
sidebands  separated  from  the  gearmesh  at  +100  hertz  and  +  200  hertz  at 
relative  amplitudes  of  .24  and  .03. 

Similarly,  Figure  6-87  shows  the  case  when  the  modulation  index 


associated  with  the  first  harmonic  of  the  gearclash  increase  to  one 
(  (2>  =  l) .  The  significant  Bessel  coefficients  are  now: 

J0  (1)  =  0.77 
Jx  (l)  =  0.44 
Jp_  (1)  =  0.11 
J3  (1)  =  0.02 
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As  contrasted  to  the  case  of  ^  =  .5,  this  case  of  1  indicates  that 
the  frequency  spectrum  contains  the  gearmesh  frequency  at  2000  Hz  but 

ts 

reduced  in  amplitude  to  0.77  and  a  sideband  structure  at  +100,  +200,  +300 
hertz  from  the  carrier  at  relative  amplitudes  of  0.44,  0.11,  and  0.02.  The 
spectrum  is  also  shown  in  Figure  6-87. 

The  point  of  the  above  discussion  is  the  fact  that  a  single  modulating 
frequency  related  to  the  shaft  speed  and  a  moderate  amount  of  frequency 
deviation  ( A  fc)  which  is  related  to  the  peak  tooth  profile  position  error 
can  combine  to  cause  an  extended  sideband  structure  around  the  basic  gearmesh 
frequency.  The  greater  the  frequency  deviation  (Afc)  or  effectively,  the 
greater  the  modulation  index  the  more  extensive  is  the  sideband  structure. 

Further,  and  most  important  to  the  understanding  of  vibration  specifics,  it 
can  be  seen  that  as  ^  increases  the  energy  increase  in  the  sidebands  is 
accompanied  by  a  corresponding  decrease  in  the  energy  at  the  carrier  or 
gearmesh  frequency. 

The  effect  of  frequency  modulation  on  the  second  harmonic  of  the  gear- 
clash  is  somewhat  different  than  the  effect  on  the  fundamental.  Recalling 
that  one  of  the  equations  describing  the  FM  wave  was 

f(t)  =  cos  (wct  +  sin  wmt) 

Where  wc  =  carrier  or  gearmesh  frequency  (first  harmonic) 
wm  =  modulating  or  shaft  rotation  frequency. 

The  equivalent  expression  for  the  frequency  modulated  wave  at  the  second 
harmonic  of  the  gearmesh  is: 

f(t)  (2nd  harmonic)  =  cos  (n  wct  +  n  sin  wmt) 

Where  n  =  2 


fm  =  wm 
2tT 
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This  equation  indicates  a  time  function  at  twice  the  carrier  or  gearmesh 
frequency  modulated  at  a  rate  determined  by  the  shaft  rps  (fm)  with  an 
effective  modulation  index  n  ^  which  is  twice  that  (n=2)  for  the  case 


of  the  basic  gearmesh  frequency. 


Since  ,  the  modulation  index,  is  defined  as  |3>  =  and  An  is  the 
shaft  rps  the  effective  modulation  index  ( (B)  for  the  second  harmonic  of 
the  gearmesh  frequency  is  twice  that  of  the  first  harmonic.  This  is  shown 
in  Figures  6-85,  86,  and  87.  The  effect  of  this  phenomenon  is  to  cause  a 
more  extensive  sideband  structure  at  the  second  and  higher  harmonics  of  a 
gearmesh  frequency.  This  is  also  shown  in  the  spectrum  plots  in  Figures 
6-50  and  6-51.  The  appropriate  Bessel  coefficients  for  the  second  harmonic 
modulation  idexes  of  =  1  and  ^3  =  2  are  listed  below. 

0  =  i  0  *  2 

J0  (1)  =  0.77  J0  (2)  =  0.22 

J1  (1)  =  0.44  Jx  (2)  =  0.58 

J2  (1)  =  0.11  t2  (2)  =  0.35 

J3  (1)  =  0.02  J3  (2)  =  0.13 

J4  (l)  =  Not  Significant  J4  (2)  =  0.03 

The  fact  that  the  modulation  index  increases  in  direct  proportion  to  the 
harmonic  number  of  a  particular  gearmesh  frequency  implies  the  following: 

Even  though  the  modulation  information  associated  with  a  malfunction 
contained  in  the  carrier  and  sidebands  of  a  gearmesh  is  the  same  at  the 
fundamental  gearclash  as  it  is  at  the  higher  harmonics,  the  spectral 
distribution  of  this  information  will  be  different  depending  upon  which 
harmonic  sideband  structure  is  analyzed. 


Jo  (1)  =  0.11 
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The  significance  of  the  modulation  index  — )  is  that  the 

Ira 

term  represents  the  net  sum  of  the  many  factors  previously  outlined  that 
contribute  to  gear  tooth  profile  position  variations  on  8  dynamic  basis . 

The  identification  of  this  PM  effect  and  its  characteristics  also 
explains  the  reaction  initially  observed  in  the  test  cell  phase  between 
a  bad  bearing  implant  and  the  gear  and  shafting  system,  (i.e.  the  bearing 
implant  manifesting  itself  by  causing  a  change  in  the  related  gear 
sideband  structure). 

The  above  discussion  of  PM  assumed,  in  all  cases,  a  sinusoidal  modu¬ 
lating  wave.  However,  this  assumption  does  not  represent  typical  gear 
tooth  profile  positiqn  variations.  Significant  harmonics  of  the  sinu¬ 
soidal  pattern  do  exist.  The  extension  of  the  PM  process  with  a  complex 
modulating  signal  or  profile  variation  pattern  is  considerably  more 
difficult  and  cumbersome  than  the  case  for  a  Bingle  frequency.  However, 
the  general  characteristics  outlined  above  are  still  applicable.  For  a 
complex  modulating  signal  the  energy  in  the  geermesh  sidebands  would  occur 
at  known  points  in  the  frequency  spectrum,  i.e.  at.  integer  multiples  of 
the  gearshaft  rps  or  fra.  The  sideband  structure  would  not  be  symmetrical 
about  the  carrier.  This  fact  has  been  established  by  various  researchers  on 
frequency  modulation  and  has  been  consistently  observed  in  the  path. 

The  modulation  index  ^  is  an  extremely  important  indicator  as  to  the 
amount  of  phase  or  frequency  modulation  that  exists  in  a  particular  gear, 
bearing,  or  shaft  system.  This  index  would  in  general  be  different  for  a 
particular  gear  system  (i.e.  42°  gearbox,  90°  gearbox,  transmission  tail 
rotor,  transmission  input  quill,  etc.). 


t 
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It  would  depend  on  such  factors  as 

1.  The  geometry  of  the  gear  (no.  of  teeth,  size  of  gear,  etc.) 

2.  The  manufacturing  tolerances  for  a  particular  gear  (iaput  quill, 
tail  rotor,  etc.). 

3.  The  mass  of  the  gear. 

4.  The  rotational  speed  of  the  gearshaft 

5*  The  mechanical  load 

Assume,  for  example,  that  gear  tooth  wear  is  the  only  factor  under 
consideration.  If  a  mean  spectra  representative  of  all  new  42°  gearboxes 
were  obtained,  the  sideband  structure  for  all  samples  that  were  used  to 
generate  the  mean  spectrum  should  be  similar  if  the  gears  were  cut  by 
the  same  machine.  As  the  gearteeth  in  these  gearboxes  wear  as  a  function 
of  usage,  the  relative  tooth  profile  position  error  would  Increase,  causing 
^  to  increase  and  causing  the  sideband  structure  to  be  altered  in  some 
predictable  manner.  However,  due  to  the  many  factors  in  addition  to 
wear  influencing  the  tooth  profile  position  error,  it  can  be  expected 
that  the  sideband  pattern  would  differ  depending  on  the  cause  of  a 
malfunction.  At  this  time  it  appears  that  it  may  be  possible  to  correlate 
the  sideband  structure  with  a  particular  malfunction. 

The  FM  effect  also  tends  to  substantiate  the  test  results  obtained 
based  on  the  statistical  analysis  of  the  data.  It  will  be  recalled  that 
*  statistical  indicators  employed  to  test  the  narrowband  spectra  used  to  com¬ 
pute  a  mean  spectrum  for  a  particular  component  indicated  that  some  of  the 
components  were  not  representative  of  the  mean  and  caused  statistical 
distortion.  Invariably  the  filter  bands  that  were  associated  with  gear- 
meah  sidebands  indicated  the  highest  coefficients  of  variance. 
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This  brings  out  two  distinct  possibilities:  first,  that 

those  components  that  differed  statistically  from  the  mean  were  "bad" 
to  the  extent  that  they  required  replacement ;  or  second ,  that  these 
components  represented  different  degrees  of  wear  relative  to  the  other 
components  used  to  establish  the  mean.  The  data  analyzed  tends  to 
substantiate  the  latter  case.  A  further  extension  of  this  line  of 
reasoning  would  indicate  that  it  is  distinctly  possible,  using  the 
statistical  approach  outlined  earlier,  to  segregate  "good"  components 
Into  various  mean  spectra.  These  mean  spectra  then  would  be  representa¬ 
tive  of  various  degrees  of  wear.  Perhaps  comparison  of  a  suspect  component 
could  be  made  with  the  various  mean  spectra  to  determine  useful  operating 
hours  of  life  remaining.  Additional  testing,  data  analysis,  and 
correlation  would  be  required  to  determine  if  this  is  in  fact  possible. 

There  is  one  additional  significant  factor  concerning  the  FM 
process.  That  la  the  equations  describing  the  modulating  process 
predict  that  as  the  modulation  index  ^increases,  the  energy  associated 
with  the  carrier  or  gearmesh  vibration  frequency  decreases.  In  fact  at 
some  modulation  indices  the  energy  associated  with  the  carrier  will 
disappear  completely  and  all  the  energy  associated  with  the  FM  wave  is 
contained  in  the  sidebands.  This  effect  is  not  normally  noticeable  until 
the  modulation  index  exceeds  approximately  1.5*  To  ascertain  whether 
this  effect  could  be  observed  the  data.  Figure  6-88  showing  expected' 
modulation  Indices  for  the  various  gearmeshes  in  the  power  train  was 
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calculated.  The  basis  of  the  calculation  was  that  the  maximum  &fc  term 

I  I  t 

Ln  the  modulation  Index^ps  Afc  )  was  l£.  This  number  was  considered 
representative  of  what  could  be  expected  for  the  various  gearmeshes. 

The  modulation  index  was  calculated  by  talcing  one  percent  of  the  various 

I  1 

gearmesh  frequencies  and  dividing  by  the  respective  shaft  speeds  asso¬ 
ciated  with  a  particular  gearnesh.  This  whs  done  for  both  the  driving 
gear  and  the  driven  gear.  1  • 

The' figure  indicates  that  based  on  the  modulation  index  only  the 
upper  and  lower  planetary  gearmeshes  would  be  likely  candidates  on  which1 

■  i 

to  check  the  existence,  of  this  effect.  Vibration. spectra  from  all.  the 
other  gearmeshes  Indicated  that  the  predominant  components  are  thd  gear- 

*  t  .  ,  i  * 

mesh  frequencies.  ?This  would  be  expected  based  on  the  value  of  their 

modulation  indexes.  ,  1 

’  »  , 

Figure  G-89  is  a  narrowband,  spectral  (2.5  Hz  .analysis  filter)  analysis 

i  ‘  '  A 

of  the  vibration  signals  from  transducer  No.  125;  a  piezo-electric  accelero- 
•  '  ! 
meter  which  was  mounted  on  the  transmission  input  quill.  This  spectrum  is 

from  flight  test  data,  and  the  defective  implant  is  an  input  quiU.  b8li  bearing. 

The  spectral  analysis  extends  from  0  to  5 ,000  Hz.  The  highest  amplitude 

response  is  the  input  quill  gearmesh  frequency  which  for  the  item  speed  in 

this  analysis  is  at  3133  Hz.  Sidebands  associated  with  this  gearmesh  are 

r 

identified  on  the  analysis  for  both  the  driving  gear  and  the  driven  gear. 

They  are  spaced  at  approximately  +108  Hz  and  +51  Hz  from  the  gearmesh.  These 
:  '  1  1  '  ‘ 
sidebands  are  of  a  relatively  low  value  compared  to  the  gearmesh.  This  is 

l 

to  he  expected  for  two  reasons..  The  first  is  that  the  modulation  index 

1  1 

associated  with  this  gearmesh  is  low  (  ^5  a  0.3).  The  second  is  that, 
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since  the  defective  implanted  bearing  had  minor  pits  and  scratches  on 
the  balls  and  races,  it  la  not  reasonable  to  expect  these  defects  to 
react  on  the  gear  with  any  appreciable  Magnitude. 

Also  identified  in  the  epectral  analysis  are  the  other  transmitted 
gearmesh  frequencies  associated  with  the  tall  rotor  drive  and  accessory 
drive.  The  tall  rotor  basic  gearmesh  occurs  at  approximately  1830  Hz  and 
its  second  harmonic  at  3660  Ez.  Sidebands  of  these  gearmeshes,  though 
they  exist,  are  not  transmitted  with  sufficient  energy  to  make  them 
standout  above  the  background  noise  at  this  transducer  location. 

Therefore  no  attempt  was  made  to  Identify  these  components.  The 
accessory  drive  gearmesh  at  2779  Hz  is  also  identified  but  the  same 
reasoning  as  above  applies  to  its  sidebands. 

Further  observation  of  this  spectral  analysis  shows  significant 
responses  located  throughout  the  spectrum.  They  have  been  identified 
and  labeled.  It  is  seen  that  these  responses  are  associated  vlth  both 
the  upper  and  lover  planetary  stage  gearmesh  frequencies,  sidebands 
of  the  gearmesh,  harmonics  of  these  gearmesh  frequencies  and  sidebands 
associated  with  the  gearmesh  harmonics.  It  is  again  pointed  out  that  the 
energy  associated  vlth  these  responses  is  being  sensed  by  an  accelerometer 
on  the  input  quill. 

The  upper  planetary  gearmesh  at  the  item  speed  for  this  analysis  is 
628  Hz.  This  component  is  missing  yet  two  sidebands  spaced  about  5  Hz  apart 
at  633  Hz  and  638  Hz  are  apparent.  Based  on  the  modulation  index  table, 

3  Hz  spacing  of  sidebands  should  be  predominant.  The  responses  at  592  Hz 
and  683  Hz  are  also  sidebands  associated  vlth  the  626  Hz  gearmesh.  The 


6-118 


HSER  6080 
Volume  I 

<>.'». 3.6  Continued 

second  harmonic  gearmesh  frequency  of  the  upper  planetaries,  is  evident  at  about 

/ 

1255  Hz.  However,  the  amplitude  of  this  gearmesh  relative  to  its  associated 
sideband  structure  Is  quite  low.  Also  notice  that  the  sideband  structure  is 
separated  by  Intervals  of  about  5  Hz.  The  sideband  structure  at  the  second 
harmonic  is  more  extensive  than  that  at  the  first  harmonic.  This  is  to  be 
expected  since  the  effective  6  at  the  second  harmonic  is  twice  that  of  the  first 
harmonic.  The  dominance  of  sidebands  at  5  Hz  is  also  to  be  expected  because 
the  modulation  Index  for  the  5  rps  shaft  is  greater  than  3  times  that  for  the 
17  rps  shaft. 

The  next  significant  response  occurs  around  2000  Hz.  The  first  harmonic 
gearmesh  of  the  lower  plane tarles  should  occur  at  1945  Hz.  Again  this  response 
is  missing.  However  a  sideband  structure  separated  at  intervals  of  about  17 
Hz  exists  around  this  frequency.  Again  based  on  the  modulation  index  this  is 
understandable . 

The  next  significant  response  is  associated  with  the  4th  harmonic  of  the 
upper  planetaries.  This  should  occur  at  about  2448  Hz.  Again  no  significant 
response  exists  at  this  frequency.  However,  notice  the  spacing  of  the  side¬ 
band  structure  arouni  2448  Hz.  It  is  in  17  Hz  increments  and  multiples  of  17  Hz. 
This  Is  an  effect  not  observed  at  the  lower  harmonics  of  this  gearmesh.  However, 
since  the  effective  8  for  the  17  rps  shaft  on  the  upper  planetaries  is  now 
approximately  1.5,  sidebands  associated  with  this  shaft  now  proliferate  as 
expected.  Also  notice  where  the  5  Hz  sidebands  associated  with  the  upper 
planetaries  are  now  located.  They  are  at  2705,  2720,  27 30,  27 60  Hz.  The 
effective  6  associated  with  the  5  rps  shaft  based  on  the  assumption  in  Figure 
6-86  is  now  greater  than  5* 
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<>.5.  3.  6  Continued 

The  same  reasoning  can  be  extended  to  the  other  responses  in  the  spectrum 
out  to  5 KHz.  in  general,  since  the  modulation  Index  is  increasing,  sidebands 
move  further  and  further  away  from  the  harmonic  of  the  gearmesh  frequency  and 
there  Is  a  general  Intermingling  of  sidebands  spaced  avay  from  the  gearmesh 
frequency  by  5  Hz  and  17  Hz. 

The  fact  that  the  high  level  responses  associated  with  the  two  planetarles 
actually  exist  is  shown  in  Figure  6-90.  This  figure  lists  all  of  the  major 
spectral  responses  observed  in  the  mean  spectra  that  were  generated  for  each 
transducer  on  the  transmission  and  gearboxes  during  the  flight  test.  The  table 
lists  the  magnitude  of  each  peak  response  for  each  transducer  in  peak  units  of 
the  transducer  and  the  filter  band  in  which  it  occurred.  The  center  frequency 

of  each  filter  band  in  the  spectrum  is  also  listed.  The  transducers  are  referred 

* 

to  by  their  identification  numbers.  Since  all  spectral  analyses  on  the  trans¬ 
mission  were  carried  out  from  0  -  5*000  Hz  with  a  14.7  Hz  analysis  filter,  it 
will  be  appreciated  that  the  resolution  of  this  filter  is  not  sufficient  to 
separate  all  of  the  5  Hz  sidebands. 

Inspection  of  Figure  6-90  shows  that  all  the  major  responses  such  as  tail 
rotor  quill  gearmesh,  tail  rotor  quill  second  harmonic,  the  input  quill  gear¬ 
mesh,  the  accessory  drive  gearmesh,  the  upper  and  lower  planetary  gearmeshes 
and  their  sidebands  are  listed.  The  table  also  allows  cross -correlation  be¬ 
tween  the  various  transducers  on  the  transmission  so  that  transmissibility 
effects  can  be  evaluated.  The  table  shows  not  only  that  the  transducers 
closest  to  a  particular  excitation  source  give  maximum  response  but  also  that 
there  is  a  significant  amount  of  transmissibility  of  this  excitation  to  the 
other  transducers.  The  item  speeds  In  this  figure  were  digitally  speed  corrected 
to  a  reference  of  6600  rpm  input  quill  shaft  speed  within  +1  filter  band. 

6-120 


Hamilton 

Standard 


HSER  6080 
Volume  I 


Pe 


•  3*6  Continued 

Figure  6-90  shows  that  both  velocity  pickups  #47  (axial)  and  #123 
(radial)  mounted  on  the  transmission  top  case  are  most  sensitive  to  the 
planetary  gearmesh  vibration.  It  further  indicates  planetary  sideband 
components  sensed  by  these  transducers  at  levels  of  .32,  .42,  and  .57  peak 
inches/second  in  filter  bands  around  4,000  Hz  (second  harmonic  lower  planetary 
gearmesh).  In  terms  of  acceleration  this  amounts  to  15  to  4o  pk  g‘s. 

Study  of  the  test  data  also  indicates  that  the  m  process  exists  In  the 
case  of  bearing  pit  frequencies.  It  will  be  recalled  that  the  highly  resolved 
spectral  analysis  and  discussion  of  the  data  on  the  42°  gearbox  from  the  test 
cell  phase  established  the  existence  of  the  bearing  pit  frequencies.  Although 
these  frequencies  were  at  extremely  low  amplitude  levels,  the  nature  of  the 
spectral  distribution  of  these  frequencies  follows  the  same  spreading  pattern 
observed  for  the  gears.  This  can  be  explained  by  the  fact  that  the  bearing 
elements,  be  they  balls  or  rollers,  are  separated  from  each  other  by  a  cage 
retainer.  Mechanical  effects  contribute  to  changes  in  the  relative  spacing  of 
these  elements  (l.e.,  tolerances,  wear,  loading)  will  effectively  cause  time 
variations  between  impacts  as  the  elements  strike  a  pit  In  the  bearing  races. 
This  will  give  rise  to  frequency  or  phase  modulation  just  as  was  the  case  for 
gears.  Two  major  distinguishing  features  for  modulated  bearing  frequencies 
are  present.  First,  the  overall  amplitude  level  associated  with  a  pit  frequency 
is  much  lower  than  is  the  case  for  gears j  secondly,  the  f requencies  associated 
with  the  bearing  are  not  only  a  function  of  the  bearing  geometry  and  rotational 
speed  but  also  of  the  contact  angle  and  any  element  slippage. 

In  conclusion,  It  can  be  shown  quite  positively  that  the  predominant 
modulation  process  that  accounts  for  extensive  sideband  structure  associated 
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(>.0.3.6  Continued 

with  gears  and  bearings  is  frequency  modulation.  This  allows  a  great 
deal  to  be  learned  about  the  health  of  a  mechanical  system  by  studying 
a  detailed  spectrum  analysis.  It  also  precludes  the  usage  of  simple 
"amplitude  of  fundamental"  measurements  as  Indicators  of  the  health  of 
a  system. 
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.4  Flight  Test  Data  Documentation 

Documentation  similar  to  that  for  the  teat  cell  was  also  kept  for  the 
flight  teat  phase  of  the  program.  Every  data  run  taken  was  indexed  on  the 
analog  tape  system  teat  logaheeta,  and  theae  teat  logsheets  were  referenced  to 
master  data  logsheets  in  the  same  manner  as  in  the  test  cell.  The  special 
A ID APS  vibration  logaheeta  were  also  kept  listing  the  defective  parts  im¬ 
planted,  their  aerial  numbers  and  the  descriptions  of  the  defects. 

Analyses  similar  to  those  of  the  test  cell  were  performed  on  the  flight 
test  data  and  the  computer  printout  formats  were  similar  to  the  test  cell 
printouts  with  those  exceptions  detailed  below. 

Figure  6-91  illustrates  the  heading  information  on  the  flight  teat 
narrow  band  analysis.  The  information  in  the  first  3  lines  is  the  same  as 

1 

that  of  the  teat  cell  except  that  the  speeds  listed  are  corrected  speeds. 

For  the  flight  test  analyses,  the  actual  speeds  were  corrected  to  their 
equivalent  100%  rpm  value  and  cbe  data  was  shifted  in  frequency  a  corresponding 
amount.  Line  4  contains  the  corrected  El  and  H2  speeds  of  the  engine,  the 
particular  flight  condition  being  analyzed,  the  aircraft  serial  number  and 
the  aircraft  speed.  Line  5  is  similar  to  the  test  cell  and  line  6  gives 
the  actual  rpm  values  before  correction.  The  data  printout  format  is 
similar  to  that  of  the  test  cell  data. 

Except  for  the  mean  identification  number,  the  flight  test  mean  and 
standard  deviation  ■  printout  is  the  same  as  that  of  the  test  cell.  Figure  6-92 
is  an  example  of  a  flight  test  mean  and  standard  deviation  printout.  For  the 
flight  test  the  mean  identification  numbers  and  their  corresponding  parameters 
were  as  follows. 
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Parameter  Wo.  Flight  Teat  Mean  Identification  No. 


7 

MKA007 

4 

MNA0O4 

8 

MKA008 

45 

MH0045 

47 

MV0O47 

49 

MN0049 

123 

MH0123 

125 

MH&125 

126 

MHA126 

129 

MND129 

59 

MHA059 

61 

KKA061 

64 

MNA064 

66 

MNA066 

Figure  .  6-93  is  an  example  of  the  mean  plus  ten  standard  deviation 
comparison  summary  for  parameter  number  66  "output  quill  bearings"  on  the 
90°  gearbox.  This  figure  illustrates  part  of  the  defective  part  testing 
during  the  flight  test  phase.  The  flight  test  comparisons  were  not  sorted 
according  to  type  of  defect  as  vas  done  with  the  test  cell  data  because  of 
the  small  number  of  defective  parts  tested.  Each  run  number  of  Figure  6-90 
therefore,  is  for  a  different  type  of  defect.  Correlation  between  run  number 
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and  type  of  defect  can  be  determined  by  reference  to  Figures  6-9^»  95> 

96,  and  97'  discussed  in  Section  6.5.6. 

In  the  flight  test  comparisons,  the  individual  frequency  band  numbers 
were  printed  out  for  the  seven  highest  comparison  levels.  While  the  general 
format  of  the  flight  test  comparisons  is  the  same  as  that  of  the  ground  test, 
the  large  number  of  levels  which  had  the  "bands  greater  than"  printed  out, 
necessitated  simplifying  this  portion  of  the  printout.  For  the  flight  test, 
only  those  bands  which  exceeded  one  level  but  dropped  out  before  the  next 
highest  level  were  printed.  To  determine  the  frequency  bands  that  exceeded 
a  specific  level,  look  at  that  level  and  all  levels  greater  than  that  level. 
Referring  to  Figure  6~93,  run  167  for  a  moment,  the  comparison  suxnaary  indicates 
that  three  Individual  frequency  bands  exceeded  the  mean  plus  five  standard 
deviation  level.  Under  'bands  greater  than"  the  mean  plus  five  standard 
deviations  there  are  two  band  numbers  listed:  83  and  k22;  under  the  mean  plus 
six  standard  deviation  one  band  number  hi.  This  means  that  b3nd  numbers  83, 
h22  exceeded  the  mean  but  dropped  out  before  the  mean  -HjS  level,  band 
cumber  ~7  exceeded  the  mean  4-6  S  level  end  dropped  out  before  the  mean  -3-7S 
level. 
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5.5  Summary  of  Flight  Test  Analysis 


5.5.1  General 


As  has  been  indicated,  analysis  of  flight  test  data  was  complicated 
compared  to  analysis  of  test  cell  data  because  of  various  causes.  These 
may  be  summarized  as  follows: 

1.  Small  sample  size  for  determination  of  LRU  baselines  (i.e.,  only  two 
transmissions  established  the  baseline). 

2.  Method  of  speed  compensation  left  undesirable  granularity  in  band 
placement,  and  difficult  correlation  between  N1  and  N2  effects. 

3.  Transmissibility  in  aircraft  made  isolation  of  "cause-effect"  relation¬ 
ship  more  difficult  than  anticipated. 

k.  The  degree  of  "badness"  was  in  general  unknown. 

The  net  result  of  the  first  two  problems  was  that  the  coefficient  of 
variance  for  the  different  bands  was  significantly  higher  t*an  desirable. 
Therefore,  many  significant  changes  in  the  vibration  signature  might  not 
ceuse  k  (f*  exceedances. 

The  result  of  the  third  problem  is  to  increase  the  number  of  h(s' 
exceedances  for  a  particular  LRU  due  to  coupling  of  energy  between  LSU.’s. 

The  result  of  the  fourth  problem  is  a  difficulty  in  distinguishing 
between  goad  and  bad  parts. 

Realizing  these  problems  exist  and  also  realizing  that  a  decision  had  to 
be  made  despite  these  problems,  the  scope  of  tbs  analytical  technique  pre¬ 
viously  •used  for  test  cell  analysis  widened  to  try  to  obviate  these  short- 


6rl2o 


Hamilton  U 

•  UNrT#0A*C*A*T  COMKMATlON 

Standard  P» 


HSER  6080 
Volume  I 


f>.5.5.2  Problem  Analysis  Technique 

Nothing  could  be  done  in  an  analysis  technique  to  cope  with  problem  (l) 
which  was  clearly  a  question  of  an  insufficient  statistical  base. 

The  data  could  not  be  reprocessed  in  time  to  fully  compensate  for 
problem  (2).  In  order  to  partially  compensate,  however,  a  +  1  band 
inaccuracy  was  assumed  in  the  Fourier  bands. 

The  fact  that  fewer  than  hoped  for  k  ^  exceedances  resulted  from 
problems  (l)  and  (2)  could  not  reasonably  be  adjusted  for  without  extensive 
data  re-analysis j  therefore,  this  was  simply  recognized  as  a  problem  which 
would  limit  the  effectiveness  of  flagging  a  bad  unit. 

The  transmissibility  effect  was  corrected  by  the  following  procedure: 

a.  The  expected  bands  due  to  gear  mesh  and  side  bands  of  each  mesh  were 
calculated  for  pertinent  sensor  location. 

b.  The  expected  bands  due  to  rotational  speed  and  harmonics  were  calcu¬ 
lated  for  each  sensor  location. 

c.  The  bands  were  then  compared  to  determine  what  bands  were  common  between 
sensors,  and  what  bands  were  unique. 

d.  Comparison  summaries  were  then  prepared  for  each  known  bad  parts  flight. 

A  coaroarision  summary  lists  all  band  exceedances  for  each  transducer  which 
exceeds  the  mean  plus  h  <r>  where  the  mean  and  (S~ for  the  various  bands 
is  as  determined  from  the  known  good  parts  flights. 

e.  The  h  (f  exceedances  for  each  sensor  were  then  studied  to  see  if  they 
corresponded  to  an  expected  band  of  interest.  If  they  did,  they  were 
weighted  2  or  1,  depending  upon  whether  they  were  uni  rue  or  coedp a  bends 
respectively.  If  they  aid  to t,  the  exceedance  was  rated  as  zero.  She 
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concept  of  utilizing  a  weighting  factor  was'  utilized  in  order  to 
provide  a  better  means  of  separating  good  and  bad  parts.  In  order 
to  demonstrate  the  usefulness 'of  weighting  the  bands,  the  above- 
mentioned  rating  factors  were  chosen.  Later  the  weighting 
factors  were  expanded , in  an  effort  to  further  improve  the  "good, 
bad"  part  discriminations.  This  is  elaborated  upon  in  Section  10, 
Paragraph  10.4.4.1.  The  effectiveness  of  weighting  factors  was 
clearly  demonstrated  in  the  improved  ability  to  separate  good  and 
bard  parts  (i.e.,  make  their  spread  in  ratings  greater,  reference 
Paragraph  10.4.4.1).  The  next  step  would  be  to  provide  a  computer 
with  all  the  data  (i.e.,  4 CT  exceedances  for  good  and  bad  parts 

plus  the  good-bad  parts  definition)  and  allow  it  to  optimize  the 
weighting  factors  for  the  different  bands.  The  computer  program 
was,  however,  beyond  -he  scope  of  the  program, 
f .  All  sensor  exceedan<  re  similarily  computed  and  all  sensor 

outputs  on  an  LRU  were  sunned. 

Problem  (4)  then  became  evident;  i.e.,  the  degree  of  badness  in 
the  parts  installed.  The  spread  on  the  answers  due  to  the  above 
approach  made  choice  of  a  good/bad  level  difficult.  It  should  be 
emphasized,  however,  that  had  problems  (l)  and  (2)  not  existed,  more 
hCT  exceedances  would  be  expected  in  -the  bands  of  interest  for  the 
bad  parts  and,  therefore,  much  improve  the  sensitivity  of  cur  analysis 
to  discriminate  between  good  and  bad  parts.  Phase  2  will  study  the 
isjrcveme at  brought  about  by  resolving  problem  (2). 
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6. 5.5*3  Derived  Evaluation  Criteria  from  Known  Bad  Parts  Tests 

From  the  known  bad  parts  testing,  the  following  levels  were 
chosen  as  bet  fits  to  detect  the  known  bad  parts: 


Engine  7 
42°  Gearbox  4 
90c  Gearbox  12 
Transmission  22 


Sensors  45  and  49  on  the  transmission  were  not  analyzed  nor  was 
sensor  59  on  the  42°  gearbox.  At  the  time  these  were  felt  redundant. 

The  engine  rating  of  7  was  correct  in  15  out  of  20  cases,  with 
2  being  borderline  cases  (i.e.,  an  engine  called  good  with  a  rating 
of  6,  and  bad  with  a  rating  of  9). 

The  42“  gearbox  rating  of  4  was  right  in  17  out  of  20  cases. 

I 

The  90u  gearbox  rating  of  12  was  right  in  14  out  of  20  cases. 

The  transmission  rating  of  22  was  right  in  13  out  of  19  cases 
(in  one  case  sensors  47  and  129  were  not  functioning,  so  the  case  was 
thrown  out)  with  3  borderline  cases. 

While  it  is  recognized  that  the  score  is  not  perfect,  it  is 
strongly  felt  that  considerable  improvement  is  possible  by  employing 
data  processing  and  technique  refinement  (Reference  Section  10, 
Paragraph  10.4.4.1)  which  are  now  evident. 
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Summary  Flight  Test  Data 


Figure  6-94,  95,  96,  and  97  contain  a  summary  of  the  flight  test 


data  for  the  level  flight  test  condii ’on  on  the  engine,  tranmission, 
42°  and  90°  gearbox,  respectively.  The  information  contained  in  these 


figures  is  piesente..  in  the  same  format  as  that  for  the  test  cell  data 
described  earlier  in  paragraph  6.4.6. 
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VERIFICATION  TEST  ANALYSIS 


Gas  Path  Data  Analysis 


Hie  AIDAPS  Test  Bed  Program  included  a  series  of  technique  verification 
tests.  The  objective  of  the  verification  tests  was  to  identify  degraded 
parts  which  were  implanted  in  six  engines  without  prior  knowledge  as  to  what 
part  had  been  changed.  This  section  covers  the  application  of  the  gas  path 
technique  to  the  six  unknown  engines  in  diagnosing  possible  degraded  gas 
producer  (compressor,  Ni  and  N2  turbine  and  nozzles,  etc, '  faults. 

General  Comments 

The  six  verification  engines  had  not  been  previously  encountered  in 
the  Test  Bed  Program  and  therefore  baseline  flights  were  required  on  each 
engine  to  demonstrate  the  unique  Hamilton  Standard  gas  path  analytical 
technique.  (Refer  to  Section  6.2).  The  data  resulting  from  these  tests  is 
displayed  In  bar  chart  form  In  Figures  7-2  through  7-13.  These  charts  depict 
the  change  of  the  measured  parameters  from  a  baseline  (Figures  7-8  through 
7-13)  and  the  engine  variations  which  produced  these  changes  (Figures  7-2 
through  7-7).  The  actual  baseline  characteristics  which  were  used  for  the 
analysis  (Figure  7“l)  are: 

1.  The  flight  of  the  specific  engine  in  a  "good"  configuration; 

2.  The  average  flight  data  from  the  (h)  Phase  D  and  (6)  verification 
engines;  and 

3.  A  typical  engine  characteristic  extracted  from  the  data  provided 
by  Lycoming  Model  Specification  No.  lOh.33. 

A  fourth  bar  is  included  for  two  engines,  LE  14819  and  LE  17376  (Figures 


7-b,  7-5,  7-10,  and  7“H )>  which  demonstrates  the  results  of  an  analysis 
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7.1.1  Continued 

based  on  data  tabulated  by  ARAU4AC  personnel  during  the  test  cell  engine 
checks.  This  bar  illustrates  the  difference  between  degraded  and  rebuilt 
runs  in  the  test  cell.  These  are  the  only  two  engines  for  which  a  complete 
data  set  is  currently  available. 

The  data  has  been  compared  to  the  three  separate  engine  characteristics 
or  baselines  listed  above  in  order  to  demonstrate  the  potential  jeopardy 
inherent  in  using  the  improper  baseline.  The  correct  result  is  the  first 
bar  in  each  parameter  group  which  compares  the  test  and  baseline  flights  for 
the  specific  engine.  The  second  bar  illustrates  the  results  which  would  be 
obtained  from  an  average  characteristic  based  on  a  small  engine  sampling. 

The  third  bar  approximates  the  results  which  could  be  obtained  from  an 
average  of  many  engines.  Conclusions  from  this  comparison  will  be  summarized 
following  a  discussion  of  the  inidividual  results. 

A  final  comment  involves  the  limits  of  degradation  which  must  be 
encountered  before  engine  maintenance  is  required.  The  proper  definition  of 
these  limits  inherently  remains  the  responsibility  of  the  engine  manufacturer. 
The  definition  of  malfunction  limits  based  on  the  small  sampling  used  in  this 
Test  Bed  Program  would  probably  prove  to  be  too  restrictive  for  a  production 
system.  However,  it  is  proper  to  define  detection  limits  for  the  Test  Bed 
Program  to  distinguish  between  normal  variations  and  implanted  changes. 
Exceedance  of  the  detection  thresholds  listed  below  in  terms  of  percent  change 
allowable  indicates  a  malfunction. 

TT5  +5$ 

WA  -6* 


* 


♦ 
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Tic  ±3* 

a5  +?£ 

T]  T  +3# 

An  +5$ 

7.1.2  Verification  1  -  IB  18270,  Figures  7-2  and  7-8  (July  16,  1971) 

- -  ■  -  - - - -  -  ■  —  I.mi.i  1  — yrm  I  '■ 

The  data  presented  for  this  engine  illustrates  that  different  answers 
may  be  obtained  from  the  three  analytical  approaches*.  Application  of  the 
limits  of  detection  to  the  second  and  third  bars  (average  baselines)  results 
in  the  diagnostic  of  No  Gas  Path  Fault.  The  custom  baseline  indicates  that 
both  the  N,  turbine  area  (  AA5)  and  the  power  turbine  area  (A  An)  have 
changed  by  6$  and  are  thus  the  probable  implants.  However,  as  was  mentioned, 
the  baseline  flight  for  this  engine  experienced  a  shore  circuit  in  the 
exhaust  gas  temperature  harness.  A  reduction  of  the  base  temperature  by 
14  degrees  (l$)  would  produce  a  2$  area  reduction  for  both  nozzles  and  a 
2l/2$  airflow  reduction.  This  engine  is  thus  in  the  gray  area  in  that  no 
change  is  a  definite  possibility.  The  Army  Aviation  Systems  Command, 

AAVSCOM,  confirms  that  no  degraded  component  had  been  implanted  in  this 
engine. 

7.1. j  Veiiflcation  2  -  LE  20791,  Figures  7-3  and  7-9  (July  19,  1971) 

This  set  of  engine  data  J-dicates  that  the  turbine  nozzle  areas  (A  and 
An)  have  probably  not  been  changed  since  all  variations  are  within  the 
limits  of  detection.  This  data  does  illustrate  the  uncertainty  which  results 
from  the  baseline  definition  in  that  the  third  bar  for  A  A5  is  very  near  a 

*  An  additional  complication  for  this  engine  was  present  since  for  the 
baseline  flight  the  EGT  (T9)  harness  had  malfunctioned.  An  extra¬ 
polation  of  ARADMAC  tpst  data  was  used  for  this  parameter. 
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detection  limit  and  a  slight  additional  coking  would  produce  an  incorrect 
diagnostic.  However,  the  diagnostic  derived  for  this  engine  is  that  compressor 
airflow  (  A  W,t)  has  deteriorated.  Data  obtained  from  AAVSCOM  indicates  that 
no  deteriorated  component  had  been  implanted.  Subsequent  analysis  of  the 
flight  data  and  study  of  the  engine  operation  capabilities  indicates  that  a 
change  of  only  5$  in  the  engine  bleed  air  extraction  would  change  the  airflow 
from  -7.2  to  -5.2 $  and  result  in  the  diagnostic  of  No  Gas  path  Fault. 

.*»  Verification  3  -  LE  14819.  Figures  7-1  and  7-10  (July  23,  1971) 

This  data  clearly  indicates  that  a  degraded  compressor  has  been  implanted 
in  the  engine  since  AWa  and  A  *1  c  have  exceeded  their  detection  limits. 

This  conclusion  is  confirmed  by  AAVSCOM.  The  fourth  bf.,r  of  each  parameter 
group  which  resulted  from  an  analysis  of  the  data  on  aRAEMAC  test  cell  log- 
sheets  also  confirms  this  conclusion.  The  4$  deter*  j  -c  *icn  in  power  turbine 
nozzle  area  ( A  An)  might  well  be  reduced  significantly  had  inter-turbine 
pressure  measurements  been  included  in  the  mathematical  model.  The  A  An  change 
did  not,  however,  produce  an  undesired  diagnostic  message. 

.5  Verification  4  -  IE  17376.  Figures  7-5  and  7-11  (July  26,  1971) 

This  data  indicar, es  that  no  degraded  part  was  implanted  in  the  engine. 

The  ARADMAC  test  cell  logsheet  data  (fourth  bar)  confirms  this  conclusion. 
However,  AAVSCOM  has  indicated  that  the  N-j  nozzles  were  changed  for  this 
flight.  Subsequent  discussions  with  AAVSCOM  and  Bell  Helicopter  representa¬ 
tives  have  indicated  that  it  is  difficult  to  match  the  turbine  stator  (nozzles) 
and  rotor  and  the  apparent  disagreement  between  the  data  and  desired  implant 
could  be  attributed  to  this  problem.  It  should  be  noted  that  the  baseline 
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7.1.5 


7.1.6 


7.1.7 


7.1.8 


Continued 

flights  occurred  after  the  degraded  part  flight  and  the  match  for  this 
baseline  flight  may  not  have  been  sufficient  to  permit  detection  of  the 
implanted  component.  This  test  result  is  thus  in  the  gray  area. 

Verification  5  -  LE  18,301,  Figures. ,7-fL^3..Z=12.  (July  30,  1971) 

This  test  indicates  that  changes  have  been  implanted  in  the  Ni  turbine 
nozzles  and  Np  turbine  nozzles  because  both  A  and  A An  exceeded  limits 
of  detection.  MVSCOM  has  confirmed  that  the  N2  turbine  nozzles  were 
changed  and  thus  the  diagnostic  approach  correctly  isolated  the  fault  to  the 
turbines.  The  variation  in  nozzle  area  (  A  A^)  may  again  be  caused  by  the 
matching  problems  on  rebuild  and  compounded  by  the  lack  of  an  inter-turbine 
pressure  measurement.  The  ARAIMAC  logsheets  for  this  engine  were  not  avail¬ 
able  for  analysis  at  publishing  time. 


Veriflcat 


LE  16886,  Figures  7-7  and  7-13  (August  12,  1971) 


The  flight  data  indicates  that  no  degraded  component  was  Implanted  for 
this  test  because  no  parameters  exceeded  their  limits.  This  conclusion  was 
confirmed  by  AAVSCOM.  It  is  interesting  to  note  that  the  data  for  a  10 
engine  average  baseline  (second  bar)  indicates  an  nozzle  area  change 
(  AA5)  which  is  not  confirmed  by  any  other  data.  This  deviation  again 
demonstrates  that  the  best  confidence  can  be  obtained  from  the  Hamilton 
Standard  approach  of  comparing  a  deteriorated  engine  with  the  same  engine 
in  a  "good"  configuration. 

Summary  of  Analytical  Techniques 

The  verification  test  data  has  been  presented  for  three  baseline 
definitions.  In  general,  the  conclusions  obtained  by  comparing  the  flight 
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data  to  either  a  10  engine  average  baseline  or  the  engine  model  baseline 
is  not  in  good  agreement  with  the  specific  engine  results.  Further  study 
also  indicates  that  some  of  the  variations,  notably  in  the  turbine  areas, 
illustrate  opposite  signs.  This  result  is  quite  possible  because  the  de¬ 
graded  flight  data  can  exist  between  a  multi-engine  average  and  the 
specific  "good"  engine  data.  This  then  confirms  the  Hamilton  Standard 
approach  of  only  comparing  data  on  a  specific  engine  as  yielding  the 
most  reliable  results. 

The  gas  producer  and  power  turbine  areas  (A  A5  and  A  An,  respective¬ 
ly)  are  actually  effective  flow  areas  which  are  determined  by  the  stator 
vane  and  rotor  configuration.  A  positive  area  change  is  indicative  of 
either  an  eroded  or  worn  nozzle  or  that  the  angle  of  attack  between  stator 
and  rotor  is  too  shallow.  A  negative  area  change  indicates  either  a  coked 
or  clogged  nozzle  or  a  steep  angle  of  attacks  Thus  it  is  quite  possible 
for  the  turbine  area  changes  to  be  of  opposite  sign  in  any  given 
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7. I .9  (ias  Path  Analysis  Restrictions 

The  above  described  test  results  have  been  successfully  formulated  in 
spite  of  three  basic  assumptions  which  tended  to  restrict  the  conclusions. 
First,  it  must  be  assumed  that  the  engine  characteristics  will  not  change 
during  two  disassemblies  and  reassemblies.  The  validity  of  this  assumption 
has  not  been  tested.  Second,  it  must  be  assumed  that  the  "degraded"  parts 
are  significantly  different  from  the  original  parts.  The  small  variations 
which  were  encountered  in  some  instances  would  indicate  that  this  assumption 
may  not  be  universally  valid.  Finally,  the  "degraded  parts  tests"  utilized 
two  helicopters  while  the  baseline  tests  used  only  one  helicopter.  The  effect 
of  this  variation  has  been  minimized  as  much  as  possible  by  attempting  to 
retain  the  sensors  with  the  engine.  However,  normal  wear  and  attrition  has 
occurred  which  introduces  a  degree  of  uncertainty  into  the  final  conclusions. 

Considerable  improvement  of  the  diagnostic  confidence  will  be  obtained 
in  a  production  AIDAPS  system  by  eliminating  the  aforementioned  restrictions. 
The  initial  fxights  will  establish  the  actual  engine  baseline  characteristics 
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for  the  remainder  of  the  engine  life.  Component  degradation  will  then  be 
firmly  established  as  wear  occurs  and  the  uncertain  artificial  variations 
between  "good"  and  "bad"  parts  will  be  eliminated.  The  use  of  a  completely 
consistent  equipment  set  will  eliminate  the  need  to  estimate  performance 
differences  between  helicopter  installations,  wiring,  and  sensors.  Finally, 
the  effect  of  the  continual  engine  disassembly  and  rebuilding  process  will 
be  eliminated  as  a  potential  variation  because  this  process  would  not  occur 
in  a  normal  application.  Any  overhaul  which  is  required  would  result  in  a 
new  engine  baseline  characteristic  being  established  concurrent  with  engine 
re-installation* 

7.2  Mechanical  Diagnostic  Summary 

The  entire  subject  of  mechanical  diagnostics  was  discussed  in  detail  in 
Section  6.3.  The  conclusion  reached  was  that  the  degraded  parts  did  not 
establish  a  malfunction  signature  during  the  flight  test  phase.  This  same 
conclusion  is  generally  applicable  to  the  verification  test  flights.  Those 
parts  installed  in  aircraft  61011  did  not  exhibit  any  significant  limit 
exceedances  or  diagnostics. 

The  same  conclusion  is  true  of  the  parts  installed  in  aircraft  17223 
with  only  two  exceptions.  These  involve  the  bearing  temperature  rises  on 
the  second  and  sixth  engines,  LE  20791  and  LE  16886,  respectively.  The  oil 
temperature  rises  in  bearing  2  and  bearings  3  and  4  exceeded  preset  limits 
for  a  large  percentage  of  both  flights  and  res\dted  in  the  diagnostic  to 
inspect  the  lubrication  system.  A  further  isolation  of  the  actual  problem 
cannot  be  obtained  because  this  condition  was  not  encountered  dud.  ng  the 
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flight  test.  An  attempt  to  understand  this  condition  involved  additional 
reviews  of  the  data  flights  on  helicopter  17??3  as  outlined  below. 

The  data  flights  on  AC  17223  during  the  flight  phase  all  exhibited 
high  bearing  temperatures  for  both  bearings  with  respect  to  the  equivalent 
temperatures  on  AC  6l011.  The  bearing  2  temperature  rise  was  consistently 
near  or  above  the  diagnostic  limit  but  no  other  malfunction  indication  was 
present  and  bearings  3  and  4  temperatures  were  40  to  50  degrees  below  the 
limit.  The  verification  flights  produced  bearings  3  and  4  temperature  rises 
which  averaged  above  the  limit  and  bearing  2  had  also  become  higher.  This 
leads  to  the  conclusion  that  the  cooling  system  on  AC  17223  was  less  efficient 
than  that  of  AC  61011  and  that  some  change  had  been  incorporated  for  the 
demonstration  flights  of  LE  20791  and  LE  16886. 
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7-3  Verification  Testing  -  Vibration 

7.3.1  General 

The  criterion  generated  in  paragraph  6.5*5  was  next  applied  to  the 
verification  test  results.  In  these  cases,  however,  sensors  45  and  49  on 
the  transmission  and  59  on  the  42°  gearbox  were  analyzed.  Therefore,  good- 
bad  levels  had  to  be  established  for  these  components.  Based  on  two  sensors 
being  used  on  the  42°  gearbox  instead  of  one,  this  LRU  level  was  doubled  to  8. 
The  transmission  sensors  45  and  49  proved  to  generate  a  disproportionate 
number  of  exceedances,  and  the  limit  was,  therefore,  raised  to  100.  The 
verification  good-bad  levels  are  summarized  below: 

Engine  7 

42°  Gear  Box  8 

90°  Gear  Bo-  12 

Transmission  100 

The  weighted  4  6T  analysis  described  in  paragraph  6.5» 5  was  then  calcu¬ 
lated  the  following  numerical  rating  resulting. 


Date 

Run  No. 

Engine 

Weighted 

4  <r 

42° 

Weighted 

4  <J“ 

90° 

Weighted 

4  <r 

Transmission 

Weighted 

4  <2 r 

16  July 

170 

6 

7 

0 

145 

19  July 

173 

12 

No  Data 

4 

169 

23  July 

176 

13 

10 

0 

47 

26  July 

179 

13 

1 

5 

106 

30  July 

182 

0 

10 

31 

25 

2  August 

185 

16 

1 

6 

183 
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'/.  i.7  Further  Considerations  of  Transmlssibility  Between  LRU’s 

l'Yom  Uie  results  of  our  known  bad  parts  tests,  reference  6.5.5,  it  was 
evident  that  our  score  could  have  been  significantly  improved  if  certain 
borderline  cases  had  their  decisions  reversed.  A  further  look  was  then 
taken  into  the  problems  associated  with  transmissibility  to  see  if  borderline 
cases  could  be  swayed  one  way  or  the  other.  Of  particular  interest  is 
coupling  between  the  engine  and  the  transmission  as  well  as  between  the  42° 
and  90°  gearboxes. 

Y.3.2.1  Transmission  to  Engine 

In  the  case  of  the  engines,  run  No.  179  and  185  were  thought  borderline. 
In  these  two  cases,  the  transmission  had  high  k  O'  exceedances.  The  eleven 
bands  were  studied  to  see  if  they  could  be  eliminated  because  higher  energy 
was  present  in  that  band  at  the  transmission  than  at  the  engine;  this  is  an 
indicator  of  the  transmission  being  the  source  of  this  energy  rather  than  the 
engine.  This  reduced  the  weighted  4  O"  exceedances  by  6  and  5  for  Runs  3.79 
and  185,  respectively.  To  assure  that  this  approach  was  indeed  improving  our 
overall  ability  to  discriminate  between  good  and  bad  parts,  similar  analysis 
were  made  for  the  other  -r>  fication  flights.  The  results  showed  an  average 
reduction  of  less  than  3  for  tr.e  other  runs;  therefore,  producing  a  net  im¬ 
provement  in  discrimination.  Interaction  in  the  other  direction  between 
engine  and  transmission  was  not  considered  for  two  reasons: 

1.  High  ratio  of  4  transmission  exceedance  to  engine  4  CT'  exceedances. 

2.  Relatively  few  overlap  bands  (less  than  8%)  between  the  transmission 
and  engine  compared  to  the  total  number  of  transmission  bands  consid¬ 
ered. 
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The  other  interactions  considered  in  the  final  choice  involved  the  90°- 
42°  gearbox  transmissibility.  If  Runs  J.76  and  182  are  considered  marginal 
on  the  42°  gearbox,  interaction  with  the  90°  gearbox  should  be  considered. 
Since  there  were  no' 90°  4  C5~ exceedances  for  Run  170,  the  corresponding  42° 
rating  of  9  was  not  altered.  However,  there  were  31  90°  4  <T* exceedances  in 
the  .case  of  Run  182.  These  were  then  studied  to  determine  what  the  weighted 
4  O' would  be  if  the  interactive  bands  were  totally  dropped,  rather  than 
rating  them  1.  This  gave  a  new  weighted  4  of  6. 

None  of  the  90°  boxes  were  considered' marginal,  therefore,  these  were 
not  studied  further. 

As  a  result  of  the  above  judgment  decisions,  the  final  weighted  4cr 


summary  of  the 

verification  tests  is  presented. 

1 

Run  No. 

Engine 

Weighted 

4 

42° 

,  Weighted 

4  cr 

90° 

Weighted 

4  cr 

Transmission 

Weighted 

4  (T 

170 

5 

7 

0 

145 

173 

'  8 

o' 

4 

169 

176 

10 

10 

0 

45 

179 

l 

7 

1 

! 

5 

106 

182 

0 

6 

31 

25 

185 

11 

l 

6 

183 

Scoring  System 

A  rating  technique  was  devised  a6  follows  to  account  for  the  degree  of 
wrongness  in  the  answer,  while  not  accentuating  the  degree  of  rightness. 

The  rules  adhered  to  were  as  follows: 
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1.  Ii'  answer  was  right  -  score  10. 

2.  If  answer* was  wrong  -  score  rating  over  threshold  level  tides  10  for 
numbers  less  than  the  threshold,  and  the  threshold  divided  by  the  rating 
times  10  for  numbers  greater  than  the  threshold. 

3.  The  total  was  divided  by  230.  (Note  23  X  10  is  maximum  score,  since 
on  Run  173  sensor  6l  wss  not  functional;  therefore,  it  was  felt  unfair 
to  call  answer  either  right  or  wrong  to  obtain  percent  ratio.) 

k.  Finally, the  answer  was  modified  in  the  case  where  the  gas  path  correctly 
called  an  engine  bad  if  the  vibration  called  it  good.  In  this  case  the 
answer  was  scored  10. 

5.  G  =  Good  B  =  Bad 

The  case  of  the  engine  will  be  worked  out  in  detail  as  a  sample  ca?..cu.- 


lation. 

Run  No. 

Engine 

Weighted 

4  O'" 

Threshold 

HSD 

Answer 

AVSC0M 

Answer 

Score 

170 

5 

7 

G 

B 

5/7  x  10 

173 

8 

7 

B 

B 

10 

176 

10 

7 

B 

B 

10 

179 

7 

7 

B 

B 

10 

182 

0 

7 

G 

B 

0/7  x  10 

185 

11 

7 

B 

B 

10 
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7-3-3  Continued 

The  net  effect  of  inclusion  of  the  gas  path  is  shown  below: 

BSD  AVSCOK 


Run  Uo. 

Coe 

posite  Answer 

Answer 

Score 

170 

B 

B 

10 

173 

B 

B 

10 

176 

B 

5 

10 

179 

B 

B 

10 

182 

B 

B 

10 

185 

B 

B 

10 

The  same  procedure  is  worked  out  for  the  remaining  LRU's,  with  the 
results  as  tabulated. 

Engine  Scores  Engine  Scores 

Plight  Without  Gaspath  With  Gaspath  42°  90°  Transmission 


170 

5/7  X  10 

10 

7/8 

10 

100/145  X  10 

173 

10 

10 

Delete 

10 

10 

176 

10 

10 

10 

10 

10 

179 

10 

10 

1/8  X  10 

10 

100/106  X  10 

182 

0 

10 

10 

10 

10 

185 

10 

10 

1/8  X  10 

10 

100/183  X  10 

TOTAL 

47 

60 

31 

60 

52 

Grand  Total  (Without  Gaspath)  190/230  =  83$ 

Grand  Total  (With  Gaspath)  203/230  =  88$ 
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1.  Statistical  techniques  can  be  used  to  sort  good-bad  parts  for  isolated 
LRU  testing.  A  Bean  spec truss  could  be  generated,  and  therefore  allow 
a  sorting  of  units  in  terns  of  deviation  from  the  Bean. 

2.  Significant  amounts  of  transmissibility  have  been  observed  between 

the  various  transducers  on  the  transmission  and  between  the  h2°  gearbox 
and  90°  geart-ox.  This  causes  the  purely  statistical  approach  to  have 
questionable  application  unless  trensmissibility  is  accounted  for. 

3-  Frequencies  associated  with  pits  on  bearings  have  been  identified  on  the 
42°  gearbox,  but  the  amplitude  levels  seen  to  date  have  been  small.  A 
better  means  of  detecting  faulty  bearings  appears  to  be  in  the  variation 
they  generate  in  the  gear  mesh  frequency  spectrum.  In  the  esse  of  the 
engine  bearings,  however,  the  bearing  frequency  components  associated 
with  pits  are  much  higher  in  level,  and  detection  is  feasible  with 
reasonable  analysis  techniques. 

4.  All  measurements  should  be  speed  corrected,  in  the  case  of  the  eiigine 
for  example,  two  outputs  should  be  generated,  one  speed  corrected  with 
respect  to  Nl,  one  with  respect  to  N2  to  allow  good  discrimination 
between  close  gear  mesh  ratios,  bearing  frequencies  and  sideband 
structure.  Also  a  finer  analysis  bandwidth  would  allow  more  accurate 
isolation  of  frequencies  associated  with  a  malfunction. 
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5.  The  modulation  process  that  accounts  far  the  extensive  sideband 

t 

structures  associated  with  gears  and  bearings  is  predominantly 
frequency  modulation.  This  has  several  iaportant  ramifications 
concerning  the  extension  and  refinement  of  the  diagnostic  techniques 
developed  on  this  program,  and  which  are  still  being  investigated. 

6.  Transducer  location  is  critical.  In  general,  transducers  on  the  power 
train  IittJ’s  were  located  as  close  to  the  expected  source  of  vibration 
as  possible.  However,  the  engine  transducers  were  less  optimally 
located.  While  it  is  recognized  that  it  i6  characteristically  difficult 
to  mount  accelerometers  close  to  actual  engine  bearings,  this  is  highly 
desirable.  Additionally,  care  should  be  taken  that  no  structural 
resonances  are  present  in  the  surface  the  accelerometer  iB  mounted 
upon.  In  the  case  of  the  AIDAPS  installation,  some  compromise  had  to 
be  made  in  both  of  the  above  requirements  to  provide  expedient 
installation  of  the  accelerometers. 

7.  A  statistical  approach  modified  by  weighting  factors  has  resulted  in 
the  ability  to  detect  unknown  implants  with  a  success  in  excess  of  Qof,. 

Further  refinements  are  expected  to  improve  this  number.  The  approach 
utilized  would  lend  itself  to  in  flight  implemental  ion  vxth  reasonable 
hardware. 
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This  section  will  present  the  results  of  Phase  D  verification  tests 

according  to  the  following  restrictions  as  set  down  by  AVSCGK: 

1)  Any  component  which  was  in  fact  a  oarginal  part  mist  be  considered  to  be 
bad  for  scaring  purposes. 

2)  The  scare  far  each  component  mast  be  expressed  in  straight  percentage 
fora;  i.e.,  the  meaner  of  correct  answers  out  of  six. 

3)  The  agregate  scare  for  all  component  runs  must  be  expressed  in  straight 
percentage  form;  i.e.,  the  number  of  correct  answers  out  of  24. 

In  addition,  a  general  conaentary  on  this  scoring  technique  will  be  included. 


7.4.1 


Out  of  six  runs  Hamilton  Standard  diagnosed  the  condition  of  four  engines 
correctly  for  a  score  of  6?$. 

7.4.2  Transmissions 

Out  of  six  runs  Hamilton  Standard  diagnosed  the  condition  of  four  trans¬ 
missions  correctly  for  a  score  of  67$. 

7.4.3  h'lv  Gearboxes 

Out  of  six  runs,  Hamilton  Standard  diagnosed  the  condition  of  three  gear¬ 
boxes  correctly  for  a  score  of  50$. 

7.4.4  90°  Gearboxes 


7.4.5 


Out  of  six  runs,  Hamilton  Standard  diagnosed  the  condition  of  four  gear¬ 
boxes  correctly  for  a  score  of  67$. 


Out  of  the  24  combinational  component-runs  Hamilton  Standard  diagnosed 
the  condition  of  15  components  correctly,  for  a  composite  score  of  63$. 
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7.5  Commentary 

As  has  been  previously  stated,  the  technique  of  ifflglacfciag  bad  parts 
in  components  has  soce  significant  drawbacks  associated  with  it  which 
causes  such  an  experiment  to  suffer  free  a  lack  of  control.  Specifically, 
the  degree  of  badness  of  the  parts  makes  absolute  diagnosis  marginal.  In 
addition,  the  effect  of  disassembly  and  reassembly  to  accomplish  inplanta- 
tion  puts  an  abnarr«al  strain  on  the  gas  path  technique  of  continuous  coo- 
par  ison  to  a  customized  baseline.  Further,  the  statistical  sample  size  for 
vibration  evaluation  was  small.  (Two  units  in  the  case  of  transmissions.) 

If  in  fact  the  scoring  is  re-examined  in  a  manner  which  deletes  the 
parts  which  are  marginal,  the  scores  will  alter  as  fellows: 

Examine  only  those  components  which  were  good.  (i.e..  transmissions 
from  Runs  1,  3,  4,  5,  and  6;  42"  gearbox  from  Run  5j  90"  gearbox  fir co  Runs 
2,  3,  4,  and  5)  Out  of  a  total  of  10  good  components,  7  were  identified 
correctly  by  Hsmilton  Standard  as  good  for  a  score  of  7O3&, 

Examine  only  those  components  which  were  truly  bad  (i.e.,  42"  gearboxes 
from  Runs  1,  2  and  3$  90°  gearbox  from  Run  5;  and  Engines  from  Runs  1,  2,  and  3.) 

Out  of  a  total  of  7  bad  components  Hamilton  Standard  correctly  identified 
6  as  being  bad  for  a  score  of  8 6$. 

The  total  combinational  score  considering  no  marginal  parts  but  only 
good  or  oad  components  is  13  out  of  17  or  a  score  of  76$. 

Seven  of  the  parts  used  in  the  test  were  adjudged  by  AVSCOM  as  marginal. 
Instead  of  arbitrarily  calling  these  marginal  parts  bad,  assume  that  these 
fall  into  a  "gray  area"  of  the  good-bad  demarcation.  That  is,  allow  a 
tolerance  around  the  criteria  judgement  as  to  good  or  bad  parts.  Considering 
this,  then  Hamilton  Standard  correctly  identified  20  out  of  the  24  component 
runs  for  a  score  of  83$. 
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8.0  CCgtCEUSIOSS 

The  conclusions  listed  in  this  section  are  all  extracted  from  the 
results  detailed  in  Sections  5-7  and  Section  10.  These  conclusions  are 
listed  below  together  with  appropriate  section  source  references.. 

8.1  General 

u  A3D&PS  state-of-the-art  equipment  functioned  successfully  in  the 
A nay  helicopter  environment.  (6.0,  7.0,  10.0) 

"  ihere  was  no  interference  in  helicopter  system  functioning  due  to 
the  instrumentation  and  on-board  electronics  equipment.  Conversely,  there 
was  no  adverse  effect  on  A  IMPS  from  the  helicopter  systems.  (3.8.4,  3.8.5) 
o  The  degree  of  component  operational  badness  was  found  to  vary  from 
very  slightly  worn  to  field  replaceable  bad  in  Phases  B  and  D.  This  inplies 
that  parts  Judged  to  he  mechanically  bad  by  conventional  standards  can  still 
operate  properly. 

«  Components  selected  for  F);ase  E  worse  parts  testing  were  deliverately 
chosen  to  display  further  degradation.  This  result  was  indicated  quite 
positively  by  AIDAPS  (10.4). 

«  Analysis  of  the  Bell  Helicopter  Company  rotor  tracking  and  balance 
technique  shows  it  is  quite  feasible  for  implementation  within  AIMPS. 
(10.3.3) 

«  Diagnostic  software  did  require  some  modification  to  effectively 
utilize  hover  data  as  contrasted  with  level  flight.  Modifications  involved 
determination  of  stable  gas  path  operating  points  for  engine  analysis  and 
adjustment  of  vibration  thresholds  to  recognize  hover  conditions. 

(10.4.4.1,  10.4.2.3) 
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.  Using  the  combined  methods  of  mechanical.  Gas  Path,  and 
vibration  diagnostics  resulted  in  isolation  to  IiTu  effectivity  of 
approximately  B&t  for  Phase  D  verification  tests.  Score  is  not 
known  for  Phase  E  verification.  (7.3*3) 

.  Inspection  capabilities  of  AILAPS  were  demonstrated  by  the 
lack  of  non-existent  problems  flagged.  Although  the  parameter  limit 
checking  was  not  deliberately  exercised,  results  were  consistent  with 
actual  aircraft  inspections  and  performance.  (6.3,  7-2) 

.  Trending  was  carried  out  for  approximately  250  hours  on 
numerous  parameters.  This  was  nc„  large  enough  to  generate  any  extreme 
trends  but  did  show  some  definite  patterns.  (5*3 -5>  6.2.3«3»2,  6. 2. 3. 3*3) 
Engine  Diagnostics 


.  Hamilton  Standard  Gas  Path  Analysis  was  readily  implemented 
for  the  existing  T53~L13  engine.  Sensors  were  all  conventional  and 
mainly  consisted  of  standard  engine  instrumentation.  (6.2) 

.  Meaningful  engine  operating  thermodynamic  information  was  acquired 
from  only  five  engine  parameter  measurements.  (6.2) 

.  Gas  Path  Analysis  was  successfull  in  fault  isolation  not  only 
to  the  LRU  but  also  to  the  component  level.  (7.1. 2-7.1.?) 

.  Lycoming  "hut  end"  analysis  technique  was  studied  but  not 
implemented  within  AIDAPS  because  of  the  relatively  few  exposures 
experienced  compared  to  those  required  to  achieve  the  threshold  indices. 
(5* 3. 3- 3) 
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.  iuntor.  baselines  should  definitely  be  utilized  to  enhance 
v'  Gas  Pats  accuracy  because  of  tne ^variations  between  engines.  ’Gas 

Path  Analysis  signatures  were  confirmed  between  test  cell  ar.d  fi'ignt 
test  witn  known  bad  parts.  Gas  Path  analysis  thresholds  were 
successfully  implemented  to  distihguisn  between  good  and  baa  parts. 

(e.2.3.2.4,  7-1.1) 

.  Engine  diagnostics  utilized  combination  of  Gas  Path  Analysis 
■xCid  detection  of  non  gas  path  problems  through  vibration  and  mechanical 
di-jn.ostics.  Vi  oration  amplitudes  were  readily  distinguishable  for 
engine  bearings  because  of  the  high  rotational  speeds  and  centrifugal 
forces,  but  needed  correction  for  extraneous  otner  bearing  frequencies 
arid  speed.  There  were  no  deliberate  mechanical  diagnostic  implants 
out  nechunical  diagnostics  aid  perform  properly.  (7.2.  6.M.5,  5«3»3»l) 
3.3  Ueuroox  and  Transmission  Diagnostics 

.  The  principle  technique  utilized  -was  statistical  vioration 
•analysis.  Mechanical  limit  checking  was  also  utilized  through  tests 
such  as  cnip  detection,  oil  temperature,  and  oil  pressure  but  were  not 
sensitive  enough  to  detect  artificially  impLanted  probLems  duriugr 
flifnt  test  times.  (6.0) 

.  A  very  thorough  analysis  of  vibration  detection  in  the 
helicopter  environment  w.v.s  performed  during  Phases  C  and  D  ana  Is 
completely  documented  in  Sections  6.3  through  6.5.  (6.4. 3. 3) 
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°  The  vibration  analysis  technique  established,  is  based  upon  digitiz¬ 
ing  the  analog  data  and  performing  a  Fast  Fourier  Transform  (FFT).  A 
statistical  comparison  of  the  spectral  energy  levels  as  compared  to  good 
parts  signatures  enables  statistical  discrimination  of  bad  parts  (6.4.3.4). 

•  This  method  was  extensively  tested  during  Phase  B  and  was  completely 
successful  in  differentiating  good  LRU's  fran  bad  LRU's. (6.4.5). 

**  Flight  testing  indicated  refinements  of  the  vibration  technique 
where  necessary  to  correct  for  transmissability  effects,  aerodynamic  noise, 
and  the  structural  mounting  of  LRU's  (6.5.3)* 

**  Adjustment  for  the  above  effects  involved  evaluation  of  the  statistical 
distribution  utilized,  the  spectrum  width  (the  number  of  power  spectral 
lines  computed)  transmissability  (amount  of  energy  transfer  between  LRU's) 
modulation  effects  (the  effects  of  faults  on  power  spectral  distribution) 
reactions  (the  effects  of  bearing  faults  on  gear  mesh  energy)  and  mechanical 
properties  of  gears,  bearings,  and  shafts  (6. 5. 3. 4  -  6. 5. 3. 6). 

u  Vibration  analysis  technique  was  successfully  implemented  for  flight 
tests  as  a  result  of  the  above  studies.  Main  factors  involved  an  under¬ 
standing  of  the  gear  clast,  sidebands  and  harmonics  together  with  the 
frequency  modulation  (FM)  process  resulting  from  the  interaction  of  faulty 
bearings,  shaft  eccentricity,  and  gear  mating  abnormalities. (6. 5. 3. 6,  6.5.5). 
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.  Gear  clash  frequency  bands  are  most  predominant  in  energy  level. 
Bearings  are  directly  observable  for  transmissions  and  gearboxes  but 
are  of  a  lover  energy  level.  Successful  diagnostics  to  the  LRU  level 
are  feasibly  accomplished  by  analysis  of  the  extensive  gear  mesh 
frequency  spectrum.  (7«3»^) 

.  FM  effects  are  a  very  sensitive  indicator  of  shaft  gear  or 
bearing  problems  including  tolerances,  wear,  and  dynamic  loading. 
Analysis  of  the  extent  of  the  sideband  structure  and  energy  distribution 
can  isolate  problems  to  the  component  level.  (6. 5*3*6) 

.  Second  and  third  harmonic  energy  distributions  are  different 
from  the  fundamental.  (6. 5. 3. 6) 

.  Transmission  testing  to  destruction  at  Bell  Helicopter  Company 
resulted  in  a  failure  pattern  for  a  bad  part  which  detected  operational 
failure  bO  hour’s  in  advance.  (10.5*3) 

.  There  are  strong  indications  that  vibration  trending  can  be 
accomplished  by  repeated  spectrual  analysis  to  ascertain  shifts  in 
mechanical  operation.  (6. 5.3*6) 

.  Statistical  analysis  tecmiiques  were  sensitive  enough  to  isolate 
degrees  of  badness  of  parts  in  terms  cf  supposedly  good  parts  used  for 
reference  versus  the  judged  bad  parts.  This  leads  to  a  re-evaluation 
of  the  operating  capability  of  parts  conventionally  judged  degraded 
by  common  inspection  means.  (6. 5*3.6) 
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•  Significant  amounts  of  transmissibility  were  observed  ostween 
the  various  transducers  on  -she  transmission  and  the  42°  gearbox  and 
the  90°  gearbox.  The  purely  statistical  approach  must  be  corrected 
for  this  effect.  The  modulation  process  accounting  for  the  extensive 
sideband  structures  associated  with  gears  and  bearings  is  predominantly 
frequency  modulation.  The  vibration  technique  developed  has  been 
refined  and  verified  through  the  Test  Bed  Program.  The  approach  utilized 
is  feasible  for  in-flight  implementation.  (7.3.4,  10.4.4.1) 
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'  Engineering  service  test  should  be  performed  far  s  suitable 
length  of  time  with  enough  aircraft  to  generate  a  good  trend  data  base 
and  to  expand  the  data  base  used  for  vibration  threshold  determination . 
This  test  will  also  enable  evaluation  of  the  impact  of  AIDAPS  in  the 
normal  aircraft  operational  environment.  It  is  strongly  felt  that 
AIDAPS  will  show  its  real  potential  effectivity  under  these  conditions 
because  of  the  expanded  data  base,  consistency  of  baselines,  and 
avoidance  of  undue  AIDAPS  equipment  changes. 

•  Work  should  be  done  on  torque  and  fuel  flow  sensors  to  improve 
repeatability.  Consideration  should  be  given  to  development  of  a  real¬ 
time  oil  analysis  transducer  for  use  with  AIDAPS. 

•  Vibration  measurements  should  be  speed  corrected  to  aUov 
discrimination  between  close  gear  mesh  ratios,  bearing  frequencies 
and  sideband  structures.  Transducer  vibration  locations  should  he 

as  close  to  the  expected  source  of  vibration  as  possible.  In  particular, 
engine  transducers  should  be  more  optimally  located.  The  engine 
gearbox  should  be  instrumented  with  vibration  transducers  for  further 
engine  vibration  testing. 

•  Rotor  tracking  and  balance  calculations  should  be  included 
within  AIDAPS. 

•  Service  test  data  should  be  utilized  in  the  vibration  analysis 
program  to  further  refine  generation  of  means  and  confirm  fault  isolation 
to  the  component  level. 
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•  The  TibretiOG  technique  developed  is  feasible  for  airborne 
implements  ti  oci . 

>  Esc  airborne  A3DAPS  stay  well  be  utilized  with  &  tine  shared 
ground  computer  tc  font  a  rgrbrid  System  where  the  ground  computer  serves 
suds  functions  as  bard  copy  printouts,  extended  trend  predictions,  and 
generation  of  logistics  records. 

*  Bad  parts  testing  during  AID  APS  should  be  supplemented  by 
further  tests  to  establish  a  range  for  degrees  of  badness  between 
marginally  bad  and  not  safe  for  operation. 
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^10.1  Jatrodastiog 

Bs*ed  opoo  tbe  tgoarlisfrrg  results  of  Hasses  A  throats  D,  -She  Jtangr  chose 
to  extend  the  US-1  .SIMPS  pro©:®11  to  selectively  parsae  certain  areas  of 
special  interest.  These  areas  were  dividec  into  tores  tasks:  (l)  aircraft 
(UE-1H)  mein  rotor  acd  tail  rotor  ©cst-of-caiaece  amd  eofe-of-fcrsefc  diagnosis, 
(II)  addltioesl  degraded  esangoesst  flight  testing,  and  (XU)  analysis  of 
■bearings  is  flag,  failare  mooes-  testing  vas  carried  oat  et  Stra y  Aercca-rtlcal 
Depot  Meiotsosr.es  Csater  {£H®SK&3)  at  Gorges  Christ!,  Texes  and  the  Bell 


Helicopter  Company  in  Fort  Forth,  Texas. 

Ehase  S  ccyanenced  or  October  7»  2971,  follosisg  tbs  completion  of 
Phase  3  aasditional  b&selire  flights.  Testing  ves  substantially  cscplefced 
by  January  1972-  Phase  E  and  the  present  IS-l  Test  Bed  Program  till  caladmaie 
on  approximately  March  30,  19*2,  with  the  completion  of  aT3  data  analysis, 
report  preparation,  end  contract  data  iters  sohsdssions  -  The  following  paragraphs 
constituting  Section  10  detail.  Hamilton  Standard's  Phase  3  activities  as  keyed 
to  the  three  (3)  tasks  listed  above. 

20.2  Scope  of  Work 

10.2.1  Task  I.  Aircraft  (U5-1H)  Main  Botor  ana  Tail  Bo  tor  Out-of-Balance  and  Out- 
of-Track  Diagnosis. 

Very  little  data  vas  gathered  during  the  Phase  3  flight  portion  of  the 
Test  Bed  Program  regarding  the  out-of-track  (OCT)  or  out-of-balance  (00B) 
conditions  of  the  main  and  tail  rotors.  The  limited  data  base  together  vith 
the  lack  of  adequate  time  during  Phase  3  to  properly  establish  the  characteristics 
of  00T  and  00B  rotors  prevented  formulation  of  a  rotor  monitoring  technique. 

Thus,  it  vas  a  Phase  E  objective  to  determine  if  field  adjustments  can 
be  predicted  based  on  "as  is"  measurements  to  minimize  one-per-revolution  main 
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*zr?  tail  rotor  wibtmfcicess.  Sue  AIMES  was  enpicyti  to  nesssKe  aad  record 
pyias  ictioc,  vibration  amplitudes,  and  phase  aaglfs  daring  wericas  flight 
ccnditiocg  with  pre-adjusted  kaosea  rotor  characteristics.  Prom  this  data, 
bbt:  has  dsTiflogped  an  analysis  prog earn  to  predict  cptfanan  rotor  aJjastwctx 
whfcb  lias  tees,  evaluated  by  3Mc£ltoa  Standard  for  feasibility  of  integration 
into  AHAP5.  Section  10,3  discusses  the  PSriltoa  Standard  data  gathering 
and  Ingaeneastatlon  efforts. 

10-2.2  Tmsk  H.  Additioeal  Begraded  Qampuceat  Testing. 

At  the  dose  of  Phase  9,  *t  was  determined.  thet  same  of  the  knows  cad 
implanted  degraded  ccmpoaents  were  actually  only  marginally  bad  in  tezsa  of 
operating  capability,  This  ve—  not  desirable  since  it  cssfiicated  the  positive 
evaluation  of  AIDAPS  effectiwity  through  controlled  experiments. 

Consequently,  daring  Phase  3,  the  same  JUMPS  previously  utilized  was 
tested  as  to  effectiveness  in  detecting,  fault  isolating,  and  predicting 
gal  functions  in  the  U2-IS  aircraft  using  degraded  components  (engine,  trans¬ 
mission,  i}2°  and  90°  gearboxes )  which  were  judged  in  worse  condition  than  those 
previously  tested  in  Phases  B  and  D.  The  same  Hamilton  Standard  developed 
diagnostic  techniques  were  employed  with  results  as  described  in  Section  10. h. 

10.2.3  Task  III.  Analysis  of  Bearings  in  Pinal  Failure  Modes. 

The  purpose  of  this  task  was  to  gain  additional  diagnostic  insight  into 
the  failure  mechanisa  of  tran scission  bearings  through  identifying  progressive 
failure  rates  for  known  initial  degraded  conditions  and  evaluating  these  rates 
for  feasibility  of  detection  and  prediction.  A  transmission  test  cell  at  BHC, 
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Ptt-  3fc>r£h  was  ejslppei  with  scsit*StEe  s*-  -rs,  viri mg  haroesses,  sad  wifersrice 
imtranggt«fcigp  c.y  HmfTitom  Stacdarc  far  the  camemst  ©f  the  tests.  Analysis 
or  the  «©qrBired  act*,  is  presented  in  Stectiam  20-5- 

10-3  Botor  12ciamlmz.ee  Messgggaest  «e&  laffBegeatstjoe  Cbeegpt 

20-3-1  Ttesfc  Oaeasagt 

The  BE— IE  belt  copter  was  igstraaestad  to  record  pylconotionDCiH  and  tail  rotor 
oce-per-reT  wibrafciccs  aaS  r-  tor  aziasth.  Bata,  vas  recorded  at  a  given  csseline 
condition.  Plight  data  'was  recorded  cn  four  gain  rotors  and  three  tai2  rotors. 

For  each  sain  rotor,  three  stepwise  aajastaeats  vere  made  on  fear  parameters: 
roll  (pitch.  Uric  length),  tab  (cSade  tab  angle)  sweep  (crag  brace),  and  balance 
(spaa  -rise).  For  each  tail  rotor,  three  stepwise  adjustments  vere  made  on 
three  parameters:  roll  (pitch  link  length),  chord  balance,  and  span  balance. 

Following  each  adjustment,  a  specified  standard  flight  profile  vas 
flown  to  collect  a  ninisa  of  ten  seconds  of  stabilized  data  at  each  flight 
condition  in  the  profile-  She  data  vas  forwarded  to  3HC  for  development  of 
a  suitable  adjustment  prediction  program.  This  analysis  vas  forwarded  by  BHC 
to  Hamilton  Standard  where  a  concept  for  implementation  within  the  on-board 
diagnostic  system  (AIDAPS)  vas  evolved  as  discussed  be lev. 

10-3-2  Botor  Unbalance  Test  Measurement 

The  tests  conducted  vere  designed  to  monitor  and  record  the  once  per  revolu¬ 
tion  vibrations  of  the  main  and  tail  rotor  so  as  to  gain  the  knowledge  necessary 
for  developing  a  suitable  analysis  technique  which  will  permit  field  adjust¬ 
ments  to  be  made  to  minimize  the  once  per  revolution  vibrations.  Figure  10-1 
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is  m.  list  of  the  aada  aed  tail  rotor  parameters  measured,  their  once  per  rero- 
latloc  frequency,  and  their  expected  range  of  m ipliiades.  Figure  10-2  lists 
the  type  transducers  used  to  moke  the  measurements,  the  transducer  aaaa- 
factarer,  the  acdel  nanber,  the  serial  isaber,  the  calibrated  sensitivity, 
and  the  tape  track  on  which  the  transducer  signal  was  recorded. 

In  addition,  Figure  10-2  also  lists  the  type  of  signal  conditioner  and 
aaplffier  used  with  each  transducer  and  the  equivalent  Fail  Scsle  Standardize 
quantity  in  transducer  units-  Since  the  amplifier  attenuator  settings  are 
aotanatic ally  set  to  XI  in  the  Full  Scale  Standardize  node,  the  equivalent 
fell  scale  quantity  during  data  acquisition  is  obtained  by  multiplying  the 
Full  Scale  Standardize  quantity  by  the  particular  amplifier  attenuator  setting 
used  during  data  acquisition  as  indicated  by  Figure  10-2. 

Figure  10-3  is  a  signal  block  diagram  of  the  data  acquisition  and  recording 
system  etroloyed  on  the  rotor  unbalance  test  program.  Transducer  signals  are 
routed  to  a  signal  conditioner,  these  to  an  amplifier,  and  finally  to  sa  AEREX 
AB-200  negnetic  tape  recorder. 

The  signal  conditioner  used  on  the  rotor  unbalance  program  provided  three 
functions : 

(1)  Bouted  the  proper  excitation  voltages  to  those  transducers  requiring 
excitation. 

(2)  Housed  a  band  pass  filter  vhich  allowed  only  the  once  per  revolution 
component  of  the  total  transducer  signal  to  be  recorded.  The  center 
frequencies  of  the  band  pass  filters  used  were  5.1*  Hz  and  27.6  Hz. 
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Tbe  5«k  Ez  filter  vzs  a  Barr  Brora  5719-3r2!ff-5E%0  and  the  27-6  Hz 
filter  vas  *  Barr  Brows  5H9-3P23F-27B6. 

3-  Allowed,  calibration  signals  to  be  rooted  to  tbe  inpat  of  the  band 
pass  filters.  Tbe  calibration  signals  were  sjunecrical  square 
waves  of  precise  arplituie  at  frequencies  of  5-^  Hz  and  27.6  5 z. 

Tbe  calibration  signals  were  derived  from  precision  stable 
oscillators  and  associated  circuits  built  into  tbe  recording  system 
for  these  tests.  Tbe  amplitude  of  tbe  square  wave  calibration 
signals  vas  adjusted  so  that  when  tbe  Full  Scale  Standardize  node 
of  the  recording  system  vas  selected  the  output  of  the  signal  condi¬ 
tioner  would  be  a  sine  wave  of  10  peak  millivolts  amplitude.  This 
signal  vas  then  routed  to  an  amplifier. 

The  amplifiers  used  to  increase  the  transducer  signal  levels  had  frequency 
response  from  DC  to  20  KHz.  This  vide  bandwidth  avoided  consideration  of  any 
phase  shift  the  transducer  signals  might  experience  in  passing  through  the 
amplifier  circuitry.  The  amplifier  specifications  are  listed  below: 

1.  Input  Impedance  10  megohms  (differential) 

2.  Output  Inpedance  0.1  ohm 

3.  Gain  kj  db  (250)  (Full  scale  input  is  j\L0  mv  at  an 

attenuator  setting  XI ) 

U.  Gain  is  adjustable  by  attenuator  in  steps  of  1,  2,  5,  10,  20,  50. 

The  attenuator  is  automatically  set  to  XI  during  the  standardize 
modes. 
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10.3.2  Continued 


5. 

Frequency  Response 

DC  to  20  KHz  +10* 

6. 

Dynamic  Range 

50  db  over  full  bandwidth 

7. 

Linearity 

+.01* 

8. 

Common  Mode  Rejection 

110  db  DC  to  60  Hz 

9- 

Zero  Drift 

+.02*  Full  Scale  in  200  hrs. 

+.001*  Full  Scale/’°C  change 

V 


The  signals  from  the  DC  e^iplifiers  vere  then  routed  to  an  AR-200  tape 
recording  system.  The  signals  were  recorded  using  an  JM  record  technique  at 
15  IPS.  The  recording  head  ase^iblies  vised  on  this  program  vere  configured 
to  Ampex  Standard  specification* .  Figure  10-k  indicates  the  two  seven  track 
head  assemblies  and  the  location  of  the  various  tracks  with  respect  to  the 
magnetic  tape.  Analysis  of  the  recorded  rotor  unbalance  data  was  performed 
by  the  Bell  Helicopter  Company. 

10.3.3  Rotor  Unbalance  Integration  Concept 
10.3.3.1  General  Comments 

A 3  a  result  of  the  testing  at  Bell  Helicopter  Company,  it  has  been  con¬ 
cluded  that  a  rotor  balance  system  can  be  implemented  with  a  pilot's  seat 
vertical  accelerometer,  a swash  plate  forward/aft  accelerometer,  and  a  pulse 
pickup  for  azimuth  reference.  The  output  of  the  first  accelerometer  will 
allow  aerodynamic  balance  while  the  second  will  allow  dynamic  balance. 

The  following  paragraphs  outline  the  recommended  hardware  and  software 
implementation  of  the  system. 
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2  10.3*3.2  Hardware  Implementation 

In  order  to  implement  the  system,  (which  will  be  further  elaborated  upon 
in  Section  10.3*3.3)  X  and  Y  resolved  components  of  the  pilot's  seat  vertical 
acceleration  and  swash  plate  forward/ ait  acceleration  are  required  where  the 
X  and  Y  coordinates  are  based  on  a  phase  reference  derived  from  an  azimuth 
pulse  pickoff.  Figure  10-5  displays  in  block  diagrams  form  the  conditioning 
of  the  sensor  inputs. 

Each  accelerometer  will  be  first  preconditioned  by  a  buffer  amplifier 
to  convert  the  acceleration  into  a  voltage  signal.  !This  signal  will  then 
be  passed  through  a  5*4  Hz  pass  band  filter  to  attenuate  signals  other  than 
the  one  per  rotor  rev.  signal.  The  azimuth  pulse  pickup  is  first  pulse  shaped, 
and  then  fed  directly  to  two  balanced  modulators  as  well  as  a  90°  phase  shifter. 
The  quadrature  output  of  this  phase  shifter  will  also  feed  two  balanced  modu¬ 
lators.  The  modulators  are  fed,  as  shown  in  Figure  10-5,  from  the  output  of 
the  two  above  mentioned  5.4  Hz  filters.  Each  balanced  modulator  is  followed 
by  a  low  pass  filter  to  attenuate  the  5-4  Hz  ripple.  The  outputs  achieved  at 
X]_,  Xg,  X3,  X4  are  thus  as  summarized  below: 

X-^  *  pilots  seat  vert  ,  accel  X  sin  9, 

Xq  *  pilots  seat  vert  accel  X  cos  9, 

Xg  =  swash  plate  forward/aft  acceleration  X  sin  9, 

/ 

X4  =  swash  plate  forward/ aft  acceleration  X  cos  9. 

X5  is  simply  a  DC  voltage  proportional  to  the  rotor  speed  so  that  phase 
error  introduced  into  the  system  due  to  the  rotor  frequency  being  not  exactly 
at  5.4  Hz  can  be  compensated  for  if  desired.  At  the  present  time,  this  correction 
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10.3.3.2  Continued 


is  not  felt  necessary.  The  five  inputs  X]_  through  X5  are  then  fed  to  a 
multiplexer  and  from  there  into  the  A/D  multiplexer  all  steps  being  under 
computer  control  so  that  the  data  can  be  properly  digitized  and  read  into  the 
computer. 

Hardware  will  also  be  provided  to  drive  various  MAAP  indicators,  under 
computer  control,  to  indicate  adjustments  required  to  aerodynamically  and 
dynamically  balance  the  rotor  system. 

10.3*3.3  Software  Implementation 

Balancing  or  "sweetening"  of  the  rotor  involves  an  aerodynamic  as  well 
as  a  dynamic  balance  adjustment.  Two  adjustments.  Known  as  roll  and  tab,  are 
utilized  for  aerodynamic  balance.  Similarly,  two  adjustments,  balance  end 
sweep,  are  used  for  dynamic  balance.  Pilot's  seat  vertical  acceleration  is 
used  to  detect  aerodynamic  balance,  while  dynamic  balance  is  determined  by 
forward/aft  acceleration  of  the  swash  plate. 

__  I 

It  has  been  found,  by  testing  incremental  changes  of  these  four  parameters, 
that  the  following  facts  appear  to  be  true  in  general. 

1.  Balance  and  sweep  adjustments  leave  little  effect  on  aerodynamic 
balance  {as  monitored  by  pilot  seal  vertical  g). 

2.  Holl  and  tab  effect  aerodynamic  as  well  as  dynamic  balance. 

3.  The  pilot's  seat  g  vectors  introduced  by  roll  end  tab  adjustments 

are  roughly  at  the  same  azimuth  angle  and  vary  linearly  (or  nearly  so) 
with  adjustment  increment. 

!}.  Tab  adjustments  seem  to  be  useful  in  compensating  for  velocity  sensitive 
aerodynamic  unbalance,  while  roll  adjustments  are  better  to  compensate 
for  non-velocity  sensitive  aerodynamic  unbalance. 
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5-  The  swash  plate  acceleration  vector  introduced  by  balance  adjustments 
**  is  approximately  in  quadrature  to  the  swash  plate  acceleration  vector 

introduced  by  sweep  adjustments. 

Based  on  preliminary  investigation,  it  is  estimated  that  6  plus  and  6 
minus  adjustments  for  each  of  the  four  variables  (roll,  tab,  balance,  and 
sveep)  vould  allow  the  majority  of  rotors  to  be  sweetened.  (Note  plus  and 
minus  denote  in  phase  and  180°  out  of  phase  vector,  respectively .  From  the 
above  information,  the  following  implementation  of  the  software  program  is 
suggested. 

Resolved  components  (X  and  Y)  for  the  pilot's  seat  vertical  acceleration 

and  swash  plate  forward/aft  acceleration  would  he  stored  for  6  positive  and 

1 

6  negative  increments  of  roll  and  tab  adjustments  based  on  average  flight  test 
baselines.  Storing  the  resolved  components  allows  the  ability  to  easily  store 
both  magnitude  and  phase  of  these  vectors.  Similarly  resolved  components 
of  swash  plate  forward/aft  acceleration  would  be  stored  for  6  positive  and 
6  negative  increments  of  balance  and  sweep.  The  following  data,  acquired  from 
flight  test,  would  then  be  utilized: 

1.  Resolved  pilot's  seat  vertical  acceleration  at  80  and  .120  knots, 

2.  Resolved  swash  plate  forward/aft  acceleration  at  80  and  120  knots. 

The  resolved  pilot's  seat  acceleration  at  80  knots  would  be  used  in  con¬ 
junction  with  the  roll  adjustment  table  mentioned  before  to  minimize  the  force 
vector.  This  would  be  accomplished  by  solving  the  following  equation: 

yl  '  y2 

arc  tan  -  «  q, 

X1  ~  x2  1 
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10. 3 -3* 3  Continued 

(where  x-^  and  y^  are  unbalance  rotor  components ,  and  x2  and  yg  are  force 
vector  components  for  a  given  roll  adjustment).  Repeated  comparison  of 
this  §-(  value  against  a  stored  0  value  for  that  particular  roll  adjustment 
in  an  iterative  manner  enables  A  9  error  to  be  minimized. 

The  roll  adjustment  would  then  be  added  to  the  pilot  seat  input  at  120 
knots.  Next  the  tab  adjustment  table  would  be  utiized  by  again  solving  the 
above  equation  for  02,  comparing  this  92  against  a  stored  value,  and  repeating 
at  various  tab  table  entries  until.  92  is  minimized. 

This  would  complete  the  aerodynamic  balance  phase.  The  final  step  would 
be  to  provide  dynamic  balance.  This  would  be  done  by  modifying  the  swash’  plate 
forward/aft  acceleration  at  80  knots  per  the  roll  and  tab  adjustments  made, 
using  the  stored  average  flight  test  baselines  mentioned  previously.  The 
X  and  Y  components  of  this  new  vector  would  then  be  reduced  to  as  near  zero 
as  possible  by  the  iterative  addition  of  balance  and  sweep  adjustment  vectors 
per  the  stored  average  ilight  test  baselines.  This  is  possible  since  the  balance 
and  sweep  vector  are  nearly  in  quadrature ,  therefore,  the  X  and  Y  vectors  can 
both  be  minimized. 

10.3.3.1*  Impact  on  AIDAPS  by  Addition  of  Rotor  Balance  Capability 

It  is  estimated  that  the  above  software  capability,  including  table  storage, 
can  be  implemented  in  less  than  250  words  of  memory.  Hardware  required  to 
interface  with  the  computer  and  MAAP  should  represent  approximately  3,  1/2  ATR 
size-printed  circuit  boards  of  circuitry. 
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^10. 4  Worse  Degraded  Component  Flight  Tests 

10. If .1  Test  Conduct 


Unknown  worse  degraded  parts  were  implanted  in  the  UH-1H  aircraft  for 
flight  testing,  analysis,  and  evaluation  by  the  Hamilton  Standard  AIBAPS. 

Two  flints  each  were  made  with  eight  sets  of  possible  multiple  faults  in  the 
engine,  transmission,  and  42°  and  90°  gearboxes.  A  pair  of  flights  with  a 
single  set  of  faults  was  performed  on  each  of  the  dates: 

FLIGHT  DATE  ENGINE 


1. 

November  19,  1971 

LE  18270 

2. 

November  24,  1971 

LE  17376 

3. 

December  3,  1971 

LE  14819 

4.- 

December  7 ,  1971 

LE  14819 

5. 

December  9 ,  1971 

LE  14819 

6. 

December  10,  1971 

LE  14819 

7- 

December  l4,  1971 

LE  14819 

8. 

December  16,  1971 

LE  14819 

'  In  each  case,  the  aircraft  flight  profile  was  limited  to  flight  idle  (on 
the  ground ) ,  intermediate  power  (light  on  skids),  and  hover  (within  ground 
effects).  The  same  mechanical  analysis.  Gas  Path  Analysis,  and  vibration  analysis 
diagnostic  techniques  previously  implemented  and  explained  were  employed.  Again, 
both  Gas  Path  Analysis  and  vibration  methods  were  used  together  to  establish 
engine  condition.  Results  as  evaluated  by  Hamilton  Standard  were  quite  positive 

i 

indicating  that  the  worse  degreaded  components  did,  indeed,  yield  more  pre¬ 
dominant  diagnostic  signatures.  Some  revisions  to  the  software  were  necessary 
to  properly  analyze  data  acquired  under  hover  conditions .  The  following  sections 
fully  explain  the  data  analysis  and  results.  Figure  10-6  tabulates  the  component 
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10.4.1  Continued 

health  results  submitted  to  the  Axoff  by  Hamilton  Standard  after  the  completion 
of  flight  testing. 

10.4.2  Budne  Analytical  Conclusions 

Die  available  data  included  three  engines  In  sight  configurations .  Two 
hover  runs  vere  conducted  for  each  configuration.  A  detailed  analysis  va s 
completed  for  at  least  one  data  tape  on  each  of  the  indicated  dates. 

10.4.2.1  Mechanical  Parameters 

No  significant  limit  exceedances  vere  encountered  during  the  Phase  2 
tests.  This  result  vas  anticipated  since  these  tests  vere  concentrated  on 
the  gas  path  and  vibration  areas. 

10.4.2.2  Gas  Path  Diagnostics 

The  data  for  each  engine  is  presented  as  bar  charts  in  Figures  10-7 
thro’igh  10-14  of  this  report.  Figures  10-7  and  10-8  present  a  summary  of  the 
average  result  (on  which  the  following  conclusions  are  based),  and  the  results 
obtained  from  several  steady  state  tests  (as  outlined  later  in  this  report) 
are  presented  in  Figures  10-9  through  10-14  for  the  individual  engines. 

Engine  LE  18270  exhibits  the  characteristics  of  degraded  nozzles  for  both 
turbines.  The  gas  producer  nozzle  area  (  A  A 5)  is  degraded  open  by  lljt  and 
the  power  turbine  nozzle  area  (A A^)  is  degraded  open  by  The  compressor 

parameters  (Av&  and^^e)  have  varied  only  a  slight  amount  which  indicates 
that  the  compressor  was  probably  not  changed. 

Engine  LE  17376  exhibits  the  characteristics  of  degraded  gas  producer 

/ 

turbine  and  nozzle.  The  gas  producer  nozzle  area  (A A5)  is  degraded  closed 
by  4.9#  and  the  turbine  efficiency  (zl^T)  has  decreased  by  4.9#*  The  other 
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10.4.2.2  Continued 

{smeters  do  sot  exhibit  a  significant  variation. 

Ehginc  IS  14319  is  essentially  an  engine  with  no  gas  path  faults. 

Minor  variations  were  encountered  in  all  parameters  but  cone  were  sufficient 
to  exceed  a  detection  limit. 

10.4.2.3  Engine  Steady  State  Tests 

The  original  steady  state  tests  which  were  used  in  the  other  AIDfcPS 
data  analysis  were  found  to  be  too  restrictive  for  the  short  hover  runs  of 
Phase  E.  The  steady  state  data  obtained  from  the  hover  erudition  was  not 
considered  to  be  sufficiently  reliable  and  additional  data  conditioning 
and  smoothing  tests  were  incorporated  in  order  to  properly  isolate  steady 
state  operation.  These  new  tests,  as  outlined  below,  yielded  good  correla¬ 
tion  with  the  original  tests  on  a  normal  A  IMPS  flight  test.  The  titles  of 
the  six  revised  steady  state  tests  are: 

1.  EGT  A; 

2.  EGT  B; 

3.  FLOW  A; 

4.  FKW  B; 

5.  IAG:  and 

6.  SLOPE. 

EGT  A:  This  test  is  essentially  the  same  as  the  original  steady  state  test. 

EGT  B:  This  test  is  similar  to  EGT  A  with  wider  tolerances. 

FLOW  A;  This  test  considers  the  fuel  flow  scatter  in  a  frame  as  an 
indication  of  steady  state  operation. 

IAG:  This  test  approximates  the  thermal  conditions  of  the  engine.  Each 

parameter  is  modified  by  an  exponential  decay  function  and  steady 
state  is  defined  when  the  difference  between  the  lag  output  and 
the  instantaneous  frame  value  for  all  parameters  is  within  the 
specified  limits. 
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SLOPS'.  A  ejaetica.  was  eaSeglaSei  for  10  ftsews  ©f  data  (sggrogriMsSelar 

29  aescods)  for  wrfc  gu  pets  parameter  ©slog  a.  leest’-ajuare' error  fit. 

Steady  state  vac  ties  «Heeir^3  -afegs  the  ghsoge  la  slope  cefcaees  dstfc  Hods 
far  rij  parameters  is  withia  tbe  specified  liadts.  The  noaritafl.  value  fer 
the  current  data  clock  was  used  £q  the  gas  path  analysis. 


10.4.3  Worse  Degraded  Parts  Vibration  Analysis 
10. V. 3-1  Phase  £  Vibratiaa  Testing 

Daring  Phase  £  additional  Titration  data  vas  gathered  through  flight 
testing.  The  Titration  sensors  and  recording  system  ware  Identical  to  that 
used  during  Phase  D.  Phase  £  discrepant  parts  were  installed  on  the  aircraft 
without  any  knowledge  of  the  particular  faulty  implant  by  the  contractor. 

The  objectives  of  this  phase  were: 

1)  To  obtain  Titration  signatures  on  power  train  tearing  components 
that  represented  'a  fault  condition  worse  than  that  observed  during 
Phase  D, 

2)  To  identify  in  which  1HU  the  faulty  hearings  were  implanted  ty  comparing 
vibration  spectra. 

10.4.3.2  Vibration  Data  Analysis 

All  vibration  data  comparisons  of  Phase  E  data  were  made  with  the 
helicopter  in  the  hover  mode.  The  data  analysis  of  Phase  E  used  the  sane 
statistical  approach  outlined  during  Phase  D  testing.  A  new  mean  and 
standard  deviation  spectrum  was  generated  for  the  flight  hover  condition. 
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used- 

lO.h.i  Tilarstion  JnaJjgda  Evaluation  ftdriggc 

lO.k.k.l  WeflTwants  In  Analysis  fedmlgae  Based  on  Further  Stagy  of  Phase  I?  Date 
Prior  to  analyzing  the  Phase  S  data,  PJsase  D  data  was  re-aoalyzad  to 
try  to  provide  a  pore  straightforward  maaarical  technique  (i.e.,  no  Judgment 
decisions  raquired,  reference  paragraph  7*3.2)  and  a  hatter  match  between 
the  numberlcal  ratings  and  the  final  AVSCOK  answers.  The  analysis  technique 
outlined  in  6. 5-5-2  vas  taken  as  the  basis,  and  various  iterations  vere 
tried.  The  technique  that  evolved  as  the  best  of  those  tried  basically 
altered  sections  a  and  e  of  paragraph  6. 5-5-2.  Section  a  vas  altered  to 
include  the  recond  harmonics  of  the  gear  mesh  frequency  and  it*  sideband 
etructure  whenever  these  bands  fell  within  the  analysis  region.  Section  e 
vas  altered  to  place  more  emphasis  on  certain  bands.  The  gear  clash 
frequency  and  the  first  two  upper  and  lover  sidebands  vere  given  a  X2 
rating  factor.  Also  the  fundamental  and  first  two  harmonics  of  rotational 
frequency  vere  similarly  rated  X2.  Band  interference  vas  considered  as 
before,  even  with  the  added  bands,  by  veighting  them  2  or  1,  depending  upon 
vhetber  they  vere  unique  or  consson  bands  respectively.  Four  sigma  exceedances 
could  not  therefore  be  rated  either  0,  1,  2,  or  U  as  indicated  in  the 
table  below. 
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20-1-&-1  Oast iaeaed 

TS*argg*Pv?g  gggllg 

asan-pertine*t  bacd - - - - - —  - .  ■  ■■  —  -  —  .  — —  O 

Pertinent  bacd  hot  with  iattrferesce  'band  dxaiere  ce  tie 
aircraft  aed  band  net  ftaad— eetai  or  one  of  first  3  sidebands  — — — —  2. 
Pertinent  band  bat  with  interference  band  elsewhere  on  tie 
aircraft  bat  band  is  foedanestai.  or  one  of  first  3  sidebands 
or  pertinent  band  with  no  interference  band  bat  band  is  not 

ftindanenta?  or  one  of  first  3  sidebands  — — —  —  -  - - -  2 

Pertinent  band,  no  interference  band,  and  band  is 

facasasental  or  one  of  first  three  sidebands  — - - - . „  ,  -  — .  h 

Tie  improved  technique  provides  significant 2y  better  separ&tioc 
between  the  good  and  bad  parts.  Rase  D  results  ca  the  42°  gearbox  are 
presented  belov  to  illustrate  this  point. 

a)  Phase  D  Known 

Bad  Parts  Based  on  Threshold  of  5,  19  Out  of  20  were  Bight 

b)  Phase  3 
Verification  : 


Date 

Flight 

Ho. 

Original 

Analysis 

Technique 

Original 

Analysis 

With  Judgment 

Original 

Threshold 

Revised 

Technique 

Revised 

Threshold 

AVSCCK 

Answers 

16  July 

170 

7 

7 

8 

26 

10 

B 

19  July 

173 

No  Data 

No  Data 

8 

No  Data 

10 

- 

23  July 

176 

10 

10 

8 

31 

10 

B 

26  July 

179 

1 

1 

8 

1 

10 

G 

30  July 

182 

10 

6 

8 

16 

10 

G 

2  Aug. 

185 

1 

1 

8 

8 

10 

G 
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A  mds  better  —tdt  is  evident  with  the  revised  tecM^e,  plot  bo 
jaSpcot  decision  is  regained.  The  esteMi slf  rrt  of  s  filial  threshold 
level  ses  also  reviewed-  This  is  felt  to  be  a  panoblesi  last  could  be 
eliminated  with  a  larger  data  base.  1  level  of  10  was  chosen  as  a  canprcacise 
between  the  Phase  D  known  bad  parts  flights  and  the  Phase  3  verification. 

o 

A  ainilar  analysis  was  aade  for  the  aiglie,  tran— daaico,  and  99  gear¬ 
boxes.  In  the  esse  of  the  trauaisidan,  the  transducers  that  were  utilized 
in  Phase  D  verification  were  not  all  available  dozing  the  Phase  3  known 
bad  parts  testing.  In  order  to  try  to  improve  the  dw.ta  base  for  determination 
of  the  threshold  level.  Phase  3  data  was  re-analyzed  using  the  new  technique, 
and  also  using  only  those  sensor  outputs  that  were  available  during  Haase  3 
known  bad  parts  flights-  The  net  result  was  that  if  ft,  threshold  of  38  was 
set,  the  Phase  3  score  improved  front  3  out  of  6  to  h  out  of  6,  and  the 
Phase  3  known  bad  parts  frost  13  out  of  19  to  l6  out  of  19  correctly 
identified.  It  is  felt  that  if  a  larger  data  base  for  the  known  good 
transmissions  were  established,  the  score  would  further  improve. 

In  sunoary,  the  following  threshold  levels  were  established,  based  on 
the  re-analysis,  for  application  to  Phase  E  verification. 

Engine  7  (based  on  using  sensors  k,  7,  and  8) 

Transmission  38  (based  on  using  sensors  125,  123,  126,  and  129) 

90°  Gearbox  8  (based  on  using  sensor  6k  only) 

k2°  Gearbox  10  (based  on  using  sensors  59  and  6l) 
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i 


the  revised  analysis  tedeiroe  as  described  ia  iO-fc-1  to 
the  Phase  E  verification  data  fare  toe  foUtniiy;  resalts: 


’Rrngrfrme 

Weighted 

Bale  3aa  3fo.  % 

h2 9 

weighted 

fe<r 

90° 

Weighted 

he 

Transmission 

Weighted 

he 

19  «ov.  205 

5 

i 

0 

7 

2%  So  y-  207 

0 

0 

0 

13 

3  Bee.  209 

0 

15 

67 

to 

7  Bee.  211 

0 

23 

51 

9  Bee.  2i3 

0 

21 

bZ 

19 

10  Dec.  215 

1 

10 

53 

k 

1*»  Bee.  217 

0 

h 

18 

8 

16  Bee.  219 

0 

0 

G 

S' 

o 

Based  on  the  new  threshold  levels  (reference  lO.Jj-l)  the  following 

conclusions  are  drawn  with  regard  to  vibration  faults: 

Run  86. 

Engine 

k2° 

90°  Transmission 

205 

Good 

Good 

Good 

Good 

207 

Good 

Good 

Good 

Good 

209 

Good 

Bad 

Bad 

Bad 

211 

Good 

Bad 

Bad 

Bad 

213 

Good 

Bad 

Bad 

Good 

215 

Good 

Bad 

Bad 

Good 

217 

Good 

Good 

Bad 

Good 

219 

Good 

Good 

Good 

Good 
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10.5  Transmission  Test  Cell  -  Tests  to  Destruction  (Transmission  Input  Quill) 
10.5.1  Test  Cooduct 

During  Hvtse  E,  a  test  program  was  conducted  at  the  Bell  Helicopter 
Company  transaission  test  facility.  The  purpose  of  this  test  program  was 
twofold: 

1.  To  obtain  vibration  signatures  on  transmission  input  quill  bearings 
that  represented  worse  wear  conditions  then  those  tested  at  the 
ARADMAC  test  cells  during  Phase  3, 

2.  To  obtain  vibration  signatures  on  one  or  two  degraded  transmission 
input  quill  bearing  assemblies  as  these  bearings'  were  run  to 
destruction. 

The  magnetic  tape  data  acquisition  system,  transducers,  and  transducer 
locations  were  essentaiUy  identical  to  those  used  during  the  Phase  B 
testing  at  the  ARADMAC  test  cells. 

Only  the  vibration  data  associated  with  the  test  to  destruction  of 
cne  input  quill  bearing  assembly  was  analyzed  by  Hamilton  Standard.  The 
bearing  assembly  selected  for  testing  bad  an  incipient  spalling  failure 
judged  to  be  typical  of  the  characteristic  failure  mode  observed  in  this 
type  of  bearing.  After  installation  an  initial  vibration  record  was 
taken.  Additional  vibration  records  at  the  same  RDM  and  power  settings 
were  then  taken  in  five-hour  increments  until  complete  functional  failure 
of  the  bearing  was  obtained. 

The  results  of  the  testing  to  destruction  of  one  input  quill  bearing 
assembly  are  shown  in  Figures  10-16,  10-17,  and  10-18.  These  figures  are 
power  spectral  density  analyses  of  the  vibration  data  and  were  generated 
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10.5.1  Continued 

using  a  narrowband  (2.5  hertz)  constant  bardwidth  analog  spectrum  analyzer. 
Vibration  data  from  transducer  Ho.  125  an  accelerometer  mounted  on  the 
transmission  input  quill  was  used  to  generate  the  spectral  analyses.  The 
transmission  operating  speed  and  power  conditions  are  indicated  on  the 
respective  spectral  analyses.  Figure  10-16  illustrates  the  initial 
vibration  spectrum  obtained  for  zero  operating  hours;  Figure  10-17  illustrates 
the  vibration  spectrum  after  the  bearing  assembly  had  been  run  for  20  hours; 
and  Figure  10-18  illustrates  the  vibration  spectrum  after  Uo  operating  hours. 
Functional  failure  of  this  bearing  assembly  occurred  at  approximately 
h2  operating  hours. 

10.5.2  Data  Analysis 

The  spectrum  is  displayed  in  terms  of  PSD  units  (g2/hertz)  versus 
frequency  (hertz).  The  PSD  values  are  indicated  on  the  left  vertical  axis 
of  the  spectral  plot.  Numbers  in  powers  of  10  listed  above  some  of  the 
major  spectral  responses  on  these  spectral  analyses  indicate  a  change  of 
attenuation  setting  in  a  segment  of  the  frequency  spectrum.  These  changes 
in  attenuator  setting  ai-e  necessitated  to  accommodate  the  wide  dynamic 
range  of  the  vibration  signals. 

As  an  example  in  interpreting  these  attenuator  changes,  reference  is 
made  to  Figure  10-16.  The  full  scale  PSD  value  for  the  frequency  range 
from  0  to  1000  Hz  is  indicated  as  0.1  g^/hertz.  The  value  of  the  spectral 
peak  at  715  hertz  would  be  read  from  the  chart  a?  0.058  g^/hertz.  The 
frequency  segment  frcm  1000  hertz  to  2000  hertz  indicates  two  major  spectral 
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peaks  at  frequencies  of  1268  hertz  and  1338  hertz.  The  number  10  above 
%  each  of  these  spectral  peaks  indicates  that  a  change  in  spectrum  analyzer 

attenuator  setting  was  made  and  that  the  full  scale  PSD  value  for  these 
peaks  is  10  g2/hertz.  On  this  basis  the  peak  value  of  the  response  at 
1268  hertz  is  read  as  .13  g2/hertz  and  the  peek  value  of  the  response  at 
1338  hertz  is  read  as  1.25  g2/hertz.  All  three  spectral  analyses  should 
be  interpreted  in  a  similar  manner. 

Table  10.1  is  a  listing  of  the  significant  bearing  frequencies,  then 
sidebands,  the  input  quill  gearmesh  and  its  sidebands.  A  code  was  adapted 
to  label  the  significant  spectral  responses  on  the  graphs  and  is  also  in¬ 
dicated  in  Table  10.1.  For  example,  B1  refers  to  the  fundamental  frequency 
associated  with  a  pit  on  the  bearing  outer  race,  (F0),  B2  is  the  second 
harmonic  of  this  frequency,  (2  F0),  etc.,  +1B1  refers  to  the  first  upper 
sideband  of  Fq  or  FQ  +  Frj  -2B1  refers  to  the  second  lower  sideband  of  FQ 
or  F0  -  2Fr,  etc.  In  a  similar  manner  A1  refers  to  the  fundamental  fre¬ 
quency  associated  with  a  pit  on  the  bearing  inner  race  (F^) ;  and  GM  refers 
to  the  input  quill  gearmesh  frequency.  The  frequency  values  listed  in  the 
table  are  more  exact  for  Figures  10-17  and  10-18.  These  frequency  values 
are  somewhat  low  for  Figure  10-16  since  the  operating  speed  for  this  spectral 
analysis  is  somewhat  higher  than  that  of  Figure  10-17  and  10-18  as  indicated. 

Figure  10-16,  the  vibration  spectrum  for  the  input  quill  bearing 
assembly  at  zero  operating  hours  (TO)  has  the  ma^or  spectral  responses 
labeled  according  to  Table  10.1.  The  frequencies  associated  with  a  pit 
on  the  inner  and  outer • bearing  races  are  clearly  defined.  In  addition 
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V 

other  spectral  peaks  associated  with  the  upper  and  lower  planetary  gear 

^  ' 

meshes  are  also  in  evidence.  These  frequencies  are  transmitted  through  * ' 

V 

the  transmission  case  and  sensed  by  the  input  quill  transducer  as  indicated 
previously  in  Section  6. 5. 3. 6. 

Figure  10-17  shows  the  vibration  spectrum  for  the  bearing  after  twenty 
operating  hours  (T20) .  The  bearing  pit  frequencies  (Fc  and  F^)  and  their 
harmonics  are  still  the  dominant  responses  in  the  spectru.  In  addition 
sideband  frequencies  separated  by  the  shaft  rotation  speed  (Fr)  are  now 
more  clearly  evident.  These  sidebands  are  arrayed  around  the  pit  frequencies 
and  their  harmonics  (F0  +  n  Fr,  2F0  +  n  Fr,  etc.). 

Figure  10-18  shows  the  vibration  spectrum  of  the  bearing  assembly 
after  forty  operating  hours  (T4o) .  The  sideband  structure  associate!  with 
the  pit  frequencies  is  now  considerably  more  extensive  and  spectral  peaks 
are  located  throughout  the  spectrum.  Additionally,  the  level  of  vibration 
pns  risen  sufficiently  to  require  an  attenuator  change  from  0.1  to  1.0. 

The  extensive  sideband  structure  has  been  labeled  and  reference  to 
^'pble  10.1  allows  the  great  majority  of  the  spectral  peaks  to  be  identified. 
Reference  to  this  table  indicates  that  the  frequencies  associated  with  a 
pit  pp  the  inner  and  outer  races,  harmonics  of  these  frequencies,  and 
pi^epqnds  associated  with  these  frequencies  are  the  dominant  responses  in 
tjne  spectrum. 

Calculations  of  the  bearing  frequencies  F0  and  F^  at  the  operating 
$peed  shown  in  Figure  10-18  (5640  rpm)  indicate  that  the  basic  repetion 
rate  of  the  F0  and  F^  frequencies  should  occur  at  589  hertz  and  820  hertz, 
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10.7.2  Continued 

other  spectral  peaks  associated  with  the  upper  and  lower  planetary  gear 
meshes  are  also  in  evidence.-  These  frequencies  are  transmitted  through 
the  transmission  case  and  sensed  by  the  input  quill  transducer  as  indicated 
previously  in  Section  6.5.3. 6. 

Figure  10-17  shows  the  vibration  spectrum  for  the  bearing  after  twenty 
operating  hours  (T20).  The  bearing  pit  frequencies  (F0  and  F^)  and  their 
harmonics  are  still  the  dominant  responses  in  the  spectru.  In  addition 
sideband  frequencies  separated  by  the  shaft  rotation  speed  (Fr)  are  now 
more  clearly  evident.  These  sidebands  are  arrayed  around  the  pit  frequencies 
and  their  harmonics  (F0  +  n  Fr,  2F0  +  n  Fr,  etc.). 

Figure  10-18  shows  the  vibration  spectrum  of  the  bearing  assembly 
after  forty  operating  hours  (T40) .  The  sideband  structure  associated  with 
the  pit  frequencies  is  now  considerably  more  extensive  and  spectral  peaks 
are  located  throughout  the  spectrum.  Additionally,  the  level  of  vibration 
jins  risen  sufficiently  to  require  an  attenuator  change  from  0.1  to  1.0. 

The  extensive  sideband  structure  has  been  labeled  and  reference  to 
^qble  10.1  allows  the  great  majority  of  the  spectral  peaks  to  be  identified. 
Reference  to  this  table  indicates  that  the  frequencies  associated  with  a 
pit  on  the  inner  and  outer  races,  harmonics  of  these  frequencies,  and 
pidepqnds  associated  with  these  frequencies  are  the  dominant  responses  in 
the  spectrum. 

Calculations  of  the  bearing  frequencies  F0  and  F^  at  the  operating 
speed  shown  in  Figure  10-18  (5640  rpm)  indicate  that  the  basic  repetion 
rate  of  the  F0  and  F^  frequencies  should  occur  at  589  hertz  and  820  hertz, 


-8  9*  V 


Hamilton 

Standard 


p» 


HSER  6090 
Volume  I 


10.5.2  Continued 

respectively.  The  spectral  data  indicates  F0  occurs  at  660  hertz  and 
occurs  at  705  hertz.  It  is  suspected  that  slippage  of  the  rolling  elements 
is  occurring  to  account  for  this  discrepancy.  Any  slippage  of  the  bearing 
elements  with  respect  to  the  races  would  cause  Fp  the  train  passage  fre¬ 
quency  to  increase.  An  increase  of  Fp  relative  to  Fr  would  have  the  effect 
of  lowering  and  increasing  F0  proportionally.  This  is  exactly  the 
effect  observed  in  the  data,  i.e.,  Fj  decreases  from  820  Hz  to  705  Hz  and. 

F0  increases  from  589  Hz  to  660  Hz.  Bearing  contact  angle  variations, 
though  they  exist  are  not  sufficiently  large  to  account  for  such  a  large 
change  in  the  basic  frequency. 

Frequency  modulation  is  responsible  for  the  generation  of  the  extensive 
sideband  structure  indicated  in  Figure  10-18.  The  FM  process  has  been 
treated  in  detail  in  Section  6. 5. 3. 6.  Relating  the  information  in  the 
three  vibration  spectra  to  mechanical  events  in  the  bearing  is  done  as 
follows.  Initially  at  TO  the  spectrum  in  Figure  10-16  is  indicating  that 
the  bearing  inner  and  outer  races  have  a  major  fatigue  pit  or  spall.  These 
large  pits  one  on  the  outer  race  and  the  other  on  the  inner  race  cause  a 
mechanical  impact  each  time  one  of  the  rolling  elements  passes  them.  These 
impacts  manifest  themselves  as  the  frequencies  F0,  2FQ,  etc,,  and  Fi?  2F^, 
etc.,  in  the  vibration  spectrum.  The  initial  sideband  structure  is  not 
very  predominant  because  the  FM  effect  is  small.  As  indicated  previously 
in  Section  6. 5.3.6  FM  in  a  bearing  would  be  caused  by  a  general  deterioration 
of  the  mechanical  tolerances;  the  amount  of  the  FM  depending  directly  on 
the  degree  of  deterioration. 
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In  Figure  10-17  after  twenty  operating1  hours,  the  pits  have  become 
larger.  This  is  indicated  by  a  increase  in  the  vibration  level  at  the  Fc 
and  F^  frequencies.  In  addition  thiV  spectrum  shows  that  the  sideband 
structure  attributable  to  the  FM  process  is  a  bit  more  extensive  than 
that  of  Figure  10-16.  This  fact  indicates  that  the  mechanical  tolerances 
associated  with  the  rolling  elements  have  increased.  This  variation  from 
ball  center  to  ball  center  as  the  balls  strike  the  pitted  area  causes  the 
phase  or  frequency  modulation  process  and  the  generation  of  additional 
sidebands  separated  from  each  other  by  the  shaft  rotational  speed  Fr 
(94  hertz  in  this  case) . 

Finally,  in  Figure  10-18,  the  pitted  area  is  larger  still  and  mechanical 
deterioration  cf  the  bearing  is  setting  in  quite  rapidly  as  evidenced  by 
the  general  rise  in  the  overall  vibration  level  and  the  number  cf  FM 

generated  sidebands.  Ball  center  to  ball  center  variations  are  now  much 

,  !  1 

greater  than  in .Figure  10-17.  The  spectrum  shows  that  bearing  failure  is 

eminent  and  in  fact  functional  failure  of  this  bearing  assembly  occurred 

•  s 

approximately  two  operating  hours  after  this  vibration  signal  was  recorded. 

Another  interesting  aspect  to  these  vibration  spectra  is  the  reaction 
of  the  deteriorating  bearing  on  the  input  quill  gears  and  gearmesh 
frequency  (Fqm).  At  the  operating  speeds  for  which  these  vibration  signals 
were  recorded,  the  input  quill  gearmesh  frequency  should  occur  at  approx¬ 
imately  2730  hertz  and  should  be  the  major  response.  However,  even  though 
th^re  is  a  vibration  component  at  2730  Hz,  it  is  not  the  major  one.  Most 
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*  of  the  vibration  energy  associated  with  the  input  quill  gearmesh  is  located 

in  the  first  and  second  upper  sidebands  (+l6l,  +26l,  see  Figure  10-l8) . 

This  effect  is  observed  in  all  three  spectral  plots.  As  Table  10.1  indicates 
the  frequency  geometry  of  the  sideband  structure,  it  shows  that  £he  gesnnesh 
and  its  sidebands  fall  very  close  to  that  of  the  fourth  harmonic  of  and 
its  sidebands.  This  makes  it  very  difficult  to  separate  the  bearing 
frequencies  of  4f^  and  its  sidebands  from  the  gearmesh.  However,  the  fact 
that  the  gearmesh  sidebands  are  higher  in  value  than  the  gearmesh  frequency 
itself  indicates  that  the  FM  effect  is  also  present  in  this  gearmesh.  That 
is  the  bearing  assembly  because  of  its  high  wear  and  relatively  loose 
mechanical  tolerances  is  reacting  upon  the  gear/shafting  system  causing 
the  gearmesh  frequency  to  be  frequency  Modulated  at  the  shaft  rps  (94 
hertz) ..  Not  only  then  are  the  bearing  frequencies  indicators  of  mal¬ 
function  but  also  the  gearmesh  frequencies. 

Table  10.1  was  generated  by  carrying  the  sideband  structure  associated 
with  the  various  bearing  and  gear  frequencies  out  to  +10  sidebands.  Close 
inspection  of  this  table  indicates  that  many  sidebands  associated  with  the 
bearing  and  gear  frequencies  are  extremely  close  to  one  another  making 
resolution  of  the  separate  frequencies  difficult  and  in  some  cases  im¬ 
possible.  For  example,  the  sideband  tabulation  at  the  bottom  of  Table  10.1 
lists  the  interfering  sidebands  associated  with  Fj  and  its  harmonics. 


10-25 


Hamilton. 


1L~ 

PU 


HSEB6080 
Volume  I 


| 

£ 


s 


I 

I 


I 

l 

I 

!/ 


10.5.?  Continued 

The  effect  of  this  interference  and  its  existence  in  a  spectral 
analyses  can  be  seen  in  the  spectrtm  plot  of  Figure  10-l8.  Spectral 
peaks  associated  with  the  higher  harmonies  and  sidebands  of  ?Q  and  F^  are 
in  many  cases  very  irregular  or  .jagged  and  wider  than  others.  The  spectral 
peaks  associated  with  the  fundamental  frequencies  of  F0  and  (ffl  and  Al) 
and  their  sidebands  are  relatively  interference  free  and  as  a  result  are 
narrower  and  monotonic. 

10.3.3  Conclusions 

The  conclusions  drawn  from  the  vibration  data  on  the  input  quill 
bearing  tests  to  destruction  are: 

1)  Vibration  analysis  would  have  flagged  the  bearing  assembly  as  bad 
at  least  40  hours  before  functional  failure  occurred. 

2)  Conclusive  proof  that  the  FM  effect  exists  for  both  gears  and  bearings. 
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